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SUMMARY

-. This is Part III of a series of literature reviews on hygrothermal
effects on polymer matrix composite materials. It contains a review of
papers on meclanical properties as measured in static tests and includes the
effect of impact damage interaction with environmental conditions.-,

The other parts of the review are:

Part I: Moisture and Thermal Diffusion
Part II: Physical Properties
Part IV: Mechanical Properties 2
Part V: Composite Structures and Joints
Part VI: Numerical and Analytical Solutions
Part VII: Summary of Conclusions and Recommendations

A complete list of references is included in the Appendix and the
numbers in the brackets appearing iin the text refer to this list.

RESUMEI Voici la partie III d 'une serie d'6tudes documentaires traitant, des
effets hygrothermiques sur les mat6riaux composites i matrice de polym~re.
Elle contient une analyse des documents portant sur les propri6t~s m~cani-
ques telles que mesur~es lois d'essais statiques; les effets des conditions
environnementales su' lea dommnrges par chocs y sont 6galement 6tudi~s.

Les autres parties de cette s~rie sont les suivantes:

Partie I: Diffusion de l'humidit6 et de la chaleur
Partie II: Propriet s physiques
Partie IV: Propri~t~s m6caniques 2
Partie V: Structures et joints composites
Partie VI: Solution num~riques et analytiques
Partie VII: R~sum6 des conclusions et recommandations

Une liste complete des r6f~rences est inclwae en annexe et les
nombres entre parenth~ses dans le texte se rapportent i cette liate. Acession For
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V"1
HYGROTHERMAL EFFECTS IN CONTINUOUS FIBRE REINFORCED COMPOSITES

PART III: MECHANICAL PROPERTIES 1 - STATIC TESTS

1.0 INTRODUCTION

During the past ten years numerous papers and reports have been published on the effects
of moisture and temperature on polymeric matrix composite materials. The importance of environ.
mental testing is recognized to the point where design allowable-; for existing materials or any new
material cannot be developed without t199 , 1 5,257 1.

In this part of the review (Part III) results of mechanical tests on composite materials are

reoorted. The tests of interest were tension, compression, torsion, in-plane shear, beani tests for
interlaminar shear and flexure tests. Numerous types of specimen design were used in these tests
and the properties reported are usually strength, modulus and notch or impact damage sensitivity.
In order to assess the amount of degradation of mechanical properties which might be expected to
occur due to temperature and humidity history, samples were often exposed to various conditions
prior to and during the test.

Environmental effects on composite materials properties as measured in fatigue and creep
tests will be reported in Part IV of the review.

Bolt bearing capabilities of composites in a varying environment will be reviewed in Part V.

2.0 MATERIALS UNDER CONSIDERATION

The effects of moisture and temperature on a multitude of composite materials have been
reported. Some of the materials studied are very exotic and have never reached commercial use, while
others have been commercially available for several years. The results presented below should be
treated as a rough guide to the effects on various types of fiber reinforced resins. The performance of
composite materials may vary substantially depending on the molecular structure and processing
history of the particular resin used, and this is illustrated in Figure 1 with reference to different
composites fabricated from Thornel Fabric 133. Terms like 'epoxy' or 'polyimide' resin are very
loose descriptions of the matrix and cover a wide variety of chemical structures.

Clements and Lee[ 66 1 used unidirectional T300/5208 samples to study the effects of
quality control variables such as batch variation, postcure and specimen quality under extreme
moisture conditions. They found that in the fiber direction, differences between batches produced
greater differences in strength and modulus than did the high level of absorped moisture. However
Chen and Hunter (Boeing)1 59 1 pointed out that mechanical property tests are not adequate for quality
assurance purposes. Slight differences in chemical content and cure quality may result in materials
with equivalent short term mechanical properties, but having different rates of degradation due to the
environment. For this reason Boeing is committed to very accurate material characterization methods
supported by mechanical property tests.

The need for precise characterization of the resin has been recognized and a good example
is the work of Lamothe, Halpin and Neall 1 8 5 1, who were engaged in developing design allowables for
glass/epoxy (S2-449/SP-250) for use in MILHDBK 174. Allowables include HPLC (High Pressure
Liquid Chromatography) for checking component weight percent of SP-250 and FTIR (Fourier
Transform Infrared Spectroscopy) for cure quality control. However, specimens used in most refer-
ences under review have not been prepared under strict controls and therefore results should be
treated as indications of the environmental stability of a given material.

- ~ I
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3.0 TEST METHODS AND SPECIMEN DESIGN
Tension and beam tests are most frequently used. Tensile specimens are relatively easy to

produce and the loading method is simple. Various specimen shapes have been used, and these are
usually based on ASTM standards (i.e. ASTM 03039). These tests are primarily used to determine
unidirectional tensile strength but off axis tensile specimens (10" or ±450) are also employed to
measure changes in in-plane shear strength and modulus. Less common are notched shear specimens
(see Fig. 2) also loaded in tension. Chapman 1581 has described tension testing at elevated and cryo-
genic temperatures for unidirectional and ±450 specimens of gaphite/polyirnide. Special attention
was paid to the application of strain gauges.

The beam tests are of two types: flexure and short beam shear, they can both be either
three or four point bend. The differences are in the ratio of span to depth. These are the easiest tests
to prepare and perform under varying conditions, as tabs are not needed and the fixtures developed
for room temperature can be used.

Torsion tests for shear were used by Adsitl 5 i with torsion tubes, while Philips, Scott,
Buckleyt2 33 1 and Hancoxl 1 221 used solid rod specimens.

Garcia and McWhthey t10 41 did both experiment and finite element analysis of rail shear

test specimens made for graphite/polyimide and concluded that it is a good method for measuring the
in-plane shear modulus but not strength.

For compression testing, several methods have been used in conjunction with environmental
conditioning and this seems to be the most demanding of all tests. Good references for these types of
test are Adsitl 5 I, Grimes[1 1I, Camardal 47 1 and Shuartl 266 1.

All of these tests provide information on mechanical properties which can be grouped into
two categories -- fiber or matriA dominated properties. Whether the test pro-ides the information on
either of these property categories depends on both specimen loading and geometry (lay-up) i.e. a
unidirectional specimen loaded in transverse direction to the fibers provides information on the matrix
dominated properties. Interpretation is not straight forward as the specimen may fail in a mode where
fiber splitting is dominant! 1 I. Generally, it can be said that 00 tension and flexure tests provide
information on fiber dominated properties while other tests are matrix (or interface) dominated, This
is important as most fibers demonstrate good resistance to temperature aw'ad moisture changes (Kevlar
and other organic fibers are exceptions to this ruler I) and it is usually the matrix or interface which
shows degradation.

One of the great advantages of composite materials is the capability of changing laminate
properties through various lay-up arrangements. The number of possible combinations, e3pecially
when hybridization is included, is almost infinite and it is not feasible to test all of them fully. Most
frequently unidirectional and crossplied samples are tested and results from these tests are used with
lamination theory to compute the effects of different lay ups. As residual and swelling strains
significant!y alter the overall performance of a laminate and are not easily accountable for in calcula-
tions, a limited number of tests must be conducted on the most frequently used lay-ups. The results
of these tests are compared to theoretical results (lamination theory). Residual and swelling strains
will be discussed in Part II of the series.

4.0 NOTCHED AND IMPACTED SPECIMENS

For practical applications the notch sensitivity of a material is an important factor. It also
gives an indication of the demage and defect tolerance of the material. Low energy impact resulting in
damage on the threshold of detectability has limited the design allowable strains to about 4.103 rmM/
mm in present day graphite/epoxies 99 I. it has been shown that such damage will not propagate if
post-impact strain values are kept below this limit.

AE
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Interactions between the notch, internal damage and the environment are other important
factors requiring consideration. Wilkinsl 31 6 i, Porter 233 I, Ballie et all 27 i, Lauraitis and Sandorffl 186 I
all studied these type of interactions. Their results were similar despite the use of different materials,
lay-ups and tests. Wilkins studied T300/5208 samples containing holes. Specimens with different lay-
ups were saturated with water (1.5% weight gain) at 820C and 98% RH. Tensile tests were carried out
at room temperature and at 930 C on dry and wet specimens. Porter used T300/934 samples with
various holes, notches and defects and three lay-up configurations. Conditioning was similar to that
used by Witkins except that instead of exposure at 98% RH immersion in water was utilized. Tensile
testing was carried out at room temperature ind 1490C with thermal spikes applied to reach testing
temperature in 60 seconds and loading in 180 seconds after beginning of heat up. BLilie et al studied
the influence of holes on cloth and tape laminates (HMF 330C/34 and AS/3501-6). Specimens were
loaded in compression and their strength was determined at temperatures up to 1570 C. Lauraitis and
Sandorff also loaded their specimens in compression. They studied the interaction of moisture, low
temperature and low level impact in AS/3501-6 material conditioned up to 1.29% and 1.75% weight
gain of moisture.

The results of these tests led to the conclusion that notched or impacted material strength
is only slightly dependent on lay-up and that there is no clear difference in notch or defect sensitivity
as testing temperature or moisture content changes. This is probably because at higher temperatures
notch stress concentration is reduced as well as the strength of the material. These results are significant
and were best summed up by Porter[ 2 35 I who concluded that environmental conditions generally have
the greatest effect in the noncritical design condition of no defect. It has to be borne in mind, however,
that only static loads were used in these tests. The same may not be true in fatigue tests.

5.0 TEST PROCEDURES - TEMPERATURE AND HUMIDITY PROBLEMS

The test conditions which have been employed are: 1) constant temperature. (high or low),
2) temperature cycling including thermal spikes, 3) constant humdity including immersion, 4) combi-
nations of varying temperatures and humidities and 5) natural weathering on racks. Very few specimens
have been made from components that have been in actual service for a number of years. This is partly
due to the fact that data is often not available on the initial mechanical properties of many of the
earlier composite materials employed.

Since advanced composite materials are exposed to a wide range of temperatures during
their service (see Chapter 2 of Part I on environmental conditions), testing of conditioned specimens
has to be carried out under similar ranges of temperature, and should include both the dry and wet
states. Very often, in connection with determining mechanical properties, the question of reversability
of property changes due to moisture is raised. Upon drying the property is usually restored or at least
partially so. This is important in %inderstanding the mechan'isms of degradation, but it is irrelevant if
one is only interested in developing design allowables, since, these should take into account the worst
possible case.

Testing of composites at room temperature is difficult and standards have not been widely
accepted for all types of tests. This applied specifically to shear and compression tests. The problems
am even greater for tests conducted under hot/wet conditions. There is a paucity of data that might
shed light on these problems. Some researchers have reported on the problems of conducting mechan-
ical property tests in hot/wet conditions. Shen and Springer1 26 1 I studied the effects of temperature
and moisture on the tensile strength of composites. They have used a computer program to estimate
the thickness of the layer affected by three minutes of drying at different temperatures and the
mobture loss of specimen in these 2onditions. Some of the results of these computations for
T300/1034 system are presented in Figure 3. While loss of some moisture and consequently changes
in moisture distribution during testing has to be expected, losses should be minimized. Frequently
the time at temperature prior to testing is not reported and "soak times at temperature" of up to
30 minutes prior to testing are not uncommon.
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Whitney and Husmani 314 1 described the use of a flexure test for determining the environ-
mental k ?havior of composites. Notably the authors recognized the need to control the weight loss.
As 90 seconds were needed to bring their 8-ply T300/5208 and AS13501-5 specimens to temperature
equilibrium, they calculated corresponding weight loss at the highest test temperature of interest. The
authors assumed that the coefficient of diffusion is constant with temperature and c'lculated soak
times at lower temperatures required to obtain similar weight losses.

6.0 FAILURE MODES

The ultimate goal of materials testing is development of data sets for designers (design
allowables). For CM it became obvious that this data is closely related to the definition of failure. As
failure mode is affected by the testing method and conditions in which it is carried out it is very
important how the failure is defined. Tests carried out on CM structures have to he related to the
design allowable data and this can only be done if the same failure has been induced in the structure
as in the earlier coupon and element test.

Whitney and Husmanl -14 1 demonstrated that flexure testing provides a simple means for
determining environmental conditions which induce significant changes in mechanical behavior related
to flexure-stress conditions. Their results showed that moisture and temperature induce a change in
failure mode from filament dominated to matrix dominated.

If the results obtained in hot/wet conditions are t9 be meaningful and provide a basis for
quantitative assessment of the property loss relative to dry room temperature conditions, tests should
be designed in such a way as to induce the same failure mode for all conditions. Crossman and Mauri169 1
addressed this problem in connection with a interfacial shear strength hygrothermal degradation
evaluation. Depending on the span to depth ratio used and on environmental conditions a bend test
provides information on either the flexural strength or on the interlaminar shear strength. Crossman
and Mauri demonstrated that the four point bend test gives wider than three point bend test range of
span to depth ratios for which an interlaminar shear failure can be induced. Once the proper ratio ischosen for dry room temperature conditions failure should always be through interlaminar shear. This

may not be true for flexure where a transition to shear failure may occur if span to depth ratios are
not sufficiently high. [

Changes in the failure mode with higher moisture content were also reportedl- 6 7 I for

compression tests. In spite of great care in specimen preparation and test method design, tab failures
in tension and compression tests are reported, i.e. 1  I1. Adsitl 5 I has discussed test methods and
procedures that have been used at elevated temperatures for graphite/epoxy and polyimide composites.
Tests include flexure, tension, compression and shear and test temperatures of up to 370'C are re-
ported. This work should be of interest to anyone involved in environmental testing of CM.

7.0 FRACTURE SURFACE ANALYSIS

Miller and Wingertl 217 I demonstrated that despite the f ," that fracture process is compli-
cated, fracture surface analysis does yield information showing fundamental differences between
resin systems and influences of environment. For this purpose scanning electron micrographs (SEM's)
of gold plated specimens are most suitable, while optical microscopy on polished surfaces may provide
additional information.

8.0 FRACTURE MECHANICS AND ENVIRONMENTAL EFFECTS ON PROPERTIES

Success in the application of fracture mechanics to composites has been limited since the
models developed for metals cannot be directly applied. However, Beaumont and Harris[3t I measured
the work of fracture required to fracture unidirectional carbon fiber reinforced epoxies. They tried
to establish the nature of the major energy absorbing fracture processes and to isolate mechanisms
which influence crack motion. Some samples were exposed to water at 230C and steam (1000 C)
up to two weeks prior to testing.



A similar approach was adopted by Kaelble et al in series of articlesl 15 7. 13 N 15 9, 1 S@ I.
They concentrated on developing theory and analysis of fracture energy and have studied the influence
of degradation of interfacial bond strength upon fracture energy. Permanent deg-adation of bond

strength was reported with a simultaneous increase in fracture energy.

Mandelll 2 05 I studied the effects of moisture on crack propagation in fiberglass laminates.
While water immersion caused reduced static and fatigue tensile strength and consequently increased
crack extension rates under cycling loading, it greatly reduced crack extension under static loading.
It was shown by the author that this was due to moisture increasing the intraply delamination region
in the damage zone thus :ducing the local fiber stresses. For cyclic loading, this region is large even in
dry conditions and reduction of material strength plays a dominant role.

9.0 EFFECT OF HUMIDITY AND TEMPERATURE ON VARIOUS MATERIALS

9.1 Graphite and Boron Composites for Service Up to 200'C

Degradation due to exposure at constant temperature for extended periods of time has been
studied by Haskins, Kerr and Stein[ 1 66 , 127 I. After 10,000 hours at 121'C samples of AS/3501 in
1016 and 10/±45]s6 lay-up which were tested at 177 0C showed no degradation of tensile strength.
Similar samples aged at 177'C after 1000 hours began to degrade, and after 10,000 hours demons-
trated 20% and 57% decrease in strength at 177 0 C when compared to unaged samples. The greater I
amount of degradation was observed for a [0/± 4 5 IS6 lay-up.

Kong et all 1 74 I observed the effect of quenching from above the glass transition tempera-
ture (Tg) and subsequent Tg quenching for up to 10 min. on T300/5208 (±4 5 )4s laminates. Decrease
of ultimate tensile strength (32%), strain to failure (93%), and toughness (68%) after 105 rin. were
interpreted as physical aging effects and were explained in terms of decreases in free volume and the
tendency to move towards thermodynamic equilibrium in the glassy state.

Thermal cycling effects were reported by Camahort, Rennhack and Coons[4 6 i. Samples
were cycled 25 times between - 196°C (liquid nitrogen) and 100 0 C (boiling water). Materials used
were HMF 330C/934 fabric and HMS/934, HMS/3501 and HMS/759 unidirectional tape graphite/
epoxies. All these materials were specified as 177 0C cure but in order to reduce residual stresses were
cured at 1350C. Some samples were made from HMS/339 which is a 1210C cure material. Microcracking
was severe in all but the 121*C cured materials. However, there was no loss in RT tensile properties
with some improvement in transverse tensile strength. These results are not surprising as ITT diagrams
for thermosets indicate that the materials were not fully cured.

Mazzio and Mehanl 209 1 thermally cycled HTS surface treated fibers in Epon 828 (manu-
factured by Shell) cured with hexahydropthalic anhydride (HHPA) and benzyldimethylamine
(BOHA) (100:78:1). The cycle temperatures were between -53 0 C and 149'C of which 250 and 500
were slow cycles and 500 were fast cycles (see Fig. 4). Results are presented in Figure 5. Mazzio and
Mehan prepared some samples with a lower volume fraction of fibers and studied residual stress
effects optically. Fibers after cure were in compression for low vf, and occasionally fiber buckling
was observed. During cycling some of these stresses may relieve themselves by breaking molecular
bonds and as a result mechanical properties will change. A decrease in compression strength seemed
to confirm this but the authors appear to have contradicted themselves by saying that interlaminar
shear strength increased through improved interfacial action. No effect of cycling rate was observed.

Loos and Springer! ' 98 1 studied the effect of thermal spiking on Graphite-Epoxy T300/
1034 composites. The material properties studied included moisture absorption, tensile strength and
buckling modulus. No effect was observed in the properties that were studied. Loos and Springer
compiled results of other researchers (see Table 1) and concluded that the effect of spiking depends
on the particular material system being studied. In most cases, the effect is small with fiber
dominated properties especially insensitive. See also1200 , 201 I.

- - .
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In 26 7 1 Shyprykevich and Wolter determined compressive strength as a function of moisture
content. AS/3501-5A was used in two different lay-ups and testing was performed at room and ele-
vated (1270C) temperatures. At higher humidities (>1.2% wt gain) thermal spiking clearly degraded
the material, and this was related to glass transition temperature (Tg) exceedences. Thermal spiking
caused higher moisture absorption which lowered the compressive strength and also changed the
failure mode.

Browning, Husman and Whitneyl 41 I tested AS/3501-5 in various lay-ups after near equili-
brium moisture gain at 710C (7 5% and 95% RH). Test temperatures were RT, 930C, 121CC and 1490C.
Typical results are presented in Figure 6. Browning e. a! suggested three possible mechanisms of degra-
dation: 1) matrix plasticization associated with Tg, 2) degradation due to residual and swelling stresses
and 3) possible degradation nf the interface. Tests on neat 3501-5 led Browning et al to conclude
that room temperature properties are degraded due to matrix crazing.

Shen and Springerl 260 . 261 I studied the effect of moisture and temperature on tensile
strength and buckling moduli of T300/1034 in various lay-ups. Different conditioning temperatures
and humidities were employed. The moisture distributions and losses due to testing in high temper-
ature were calculated. Typical results are presented in Figure 7 and were compared to previously
reported data (see Table 2 and 3). Results are consistent and indicate that:

a) Temperature and moisture had httle effect on fiber dominated longitudinal strength below

1000 C and slightly decreased strength at 1800C. Elastic moduli was not affected regardless
of moisture and temperature up to 1800C.

b) Transverse properties were severely degraded with increase in temperature and moisture and
both the modulus and trength maybe degraded by as much as 90% of their original values.

c) Distribution of moisture in 00 and quasi-isotropic laminates did not seem to affect the
results. For 900 specimens the moisture distribution may have influenced the absolute
value of ultimate strength and modulus but it was unlikely to :iave affected the trend in
the data.

Bohlmann and Derbyl 38 1 used sandwich beam specimens to test T300/339 fabric (HMF-
330B) in the warp direction. Specimens were conditioned at 820C and 70% RH and tested at both
room temperature and 1770 C.

'- rimesl I Is I made extensive studies of AS/M501-6 material in comprersioi,. As different
lay-ups were tested, various loading fixtures were utilized. Testing was conducted at room (22.80 C)
and elevated (1030C) temperatures, with specimens in dry (0 - 0.4% wt gain) and wet (1.1 ± 0.2%
wt gain) strabes. Typical results are shown in Figure 8.

Laumitis and Sandorff 18 7 1 studied the effect of environment on the compressive strength
of T300/5208 and AS/3501-5A in various lay-ups. Specimens were soaked up to equilibrium wt gain
at 820C - 90% RH and tested in -540C, 220C, 930C and 1350 C (above "wet" Tg). Behavior of
graphite/epoxy laminates was divided into three regimes:

1) Long column range - elastic stability.

2) Very short column - specimens fully supported failure by crushing, delamination
(compression ultimate).

3) Intermediate short column - inelastic failures resulting in rupture.

It was found that in regime 1) the .-)havior of the laminate was independent of temperature and
humidity while in 2) and 3) the ,- 2 ironment affected results depending upon material and lay-up.
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Ekvall and Grffinl 99 1 performed over 2000 coupon tests to develop design allowables for
T300/5208 tape and fabric laminates with a 3/16-inch hole, at -54 0 C, room temperature dry and
820C wet (1% weight gain condition). Data were analyzed statistically to determine the best fit
propability distribution and the results at the lower tail of the test data were compared to the mini-
mum values obtained from different regression equations. An overall best fit equation (in this case
normal distribution) provided good agreement near the lower tail of the distribution. Final design
allowables for worst environmental conditions (in this project), 3/16-inch diameter notch and
nonvisible impact damage were calculated (Table 4) and included a statistical reduction factor (B
allowable factor). This methodology can be used for other composite materials.

Several authors published data from shear tests conducted on pre-conditioned samples.
Philips, Scott and Buckley( 23 31 used rod specimens prepared from graphite, glass and Kevlar 49 fibers
in HY750 epoxy resin. Results are shown in Table 5 and Figure 9. Crossman, Mauri and Warren[ 69 I
used four point beam tests to study interlaminar shear properties of T300/5208 and T300/5209
specimens. Conditioning was 55% RH or 85% RH at 70 0 C with some samples dried. Testing was
conducted at 20"C, 70'C and 93°C. Several .pecimens were subjected to temperature cycles varying
from - 56 0 C to 70CC or 93°C. The results led the authors to conclude that neither testing temperature
nor conditioning significantly degraded T300/5208 dried samples. However, T300/5209 showed
significant loss of interlaminar shear strength (ILSS) after humid hot conditioning and this seemed to
be related to the exceedence of Tg (5209 is a 1210C cure material). For low moisture gain T300/5209
does not seem to be affected.

Halloffl121 1 tested short beam shear (SBS) strength of T300/5208, HT-S/3501 and
Fibredux 914C. Samples were subjected t- different and sometimes severe temperature and humidity
treatments. However, Halloff concluded that the chemical composition of the polymer system most
significantly influenced the effects of heat treatments and moisture absorptions of composite
materials.

Lifshitzl 193 1 measured longitudinal, transverse and axial shear properties of T300/5208
laminates. The test program included three strain rates, three temperatures and three levels of mois-
ture. The matrix properties were influenced by all those parameters with axial shear exhibiting the
most varnability (Fig. 10). Poisson's ratio v, 2 did not change in these tests, however, the value was
slightly less than usual.

Augl in[ 23 1 presented the effects of moisture ard test temperature on T300/5208 as de-
monstrated in beam tests. Figure 11 demonstrates the usefulness of three dimensional (3D) graphs
in reporting degradation of strength due to moisture and temperature.

All above reported tests were done on samples subjected to arbitrarily chosen conditions.
It is not known whether materials in real service, subjected to atmospheric conditions, would be
degraded to the same extent. To gain knowledge on the natural weathering of composites, several
materials have been exposed on racks in loaded and unloaded state and some tests were carried out
on specimens recovered from composite structures after extended period of service.

Trabocco and Standerl 291 I used two exposure sites (Panama Canal and Warminster, PA) to
reprerent tropical and temperate climates. Specimens were either painted or unpainted and loaded
in flexure with strain at 4000 limm/mm. Tests were carried out at room temperature and at 1770 C
(Fig. 12). The materials that were used in this work have been replaced by those currently used in
aerospace industry (AS/3501-6, T300/5208 and AS/3004). The results for these new materials were
reported by Vadala and Traboccol 294 1. Two aircraft carriers operating in the Pacific were included
as exposure sites. Tests were carried out at room temperature, 82.2°C and 121.1*C with materials
originally intended for 1770 C service limited to 121.1'C. Tension, flexure, compression (IITRI
compression fixture) and SBS tests were carried out. Weight gains were monitored but specimens were
kept in sealed bags prior to testing. However, sealed bags do not prevent changes in moisture distribu-
tion. Typical test results are shown in Table 6 and Figure 13. In general Panama exposure was slightly
more severe than at Warminster. The rate of decrease of strength varies for each material system with
AS/3004 (graphite/polysulfone) showing better resistance to environment than epoxies.<I ,_ _ _ _ _ _ _



In!T5 7 I Chapman, Hoffman and Hodges and in[ 8 8 ) Dexter and Chapman presented some
results obtained by NASA for commercial aircraft composite laminates. Composites were exposed at
ground exposure sites around the world and in actual service. No significant deterioration was ob-
served owing mainly to mild testing conditions. Information cn specimen lay-up and of failure modes
was not given. See alsoI 29 , 199,30 1.

Gibbins and Hoffman inl 1 0 1 report on a long term program by Boeing aimed at developing
accelerated aging mett -ds for composites used in commercial aircraft. Various graphite fiber and one
Kevlar fiber in epoxy materials were tested after exposure to actual flight conditions, on ground and
in accelerated laboratory chambers conditions. l I10 1 results obtained up to now are presented
(2 years of the projected 10 years of total program duration).

Coggeshall in16 7 1 reported on the Boeing 737 graphite composite spoiler flight service
evi'ation. This is the seventh annual report on a program involving 114 spoilers installed on 27
airci;it operating around the world. Various types of materials were used in the spoilers and samples
are also exposed on the ground. Periodically some spoilers and ground exposed samples are mechan-
ically tested. No significant deterioration of properties has been reported up to now.

9.2 Glass Composites for Service Up to 2000 C

Glass composites have been available since the 1950's and studies on environmental degra-
dation of these materials were initiated in the 1960's. The degrading effect of moisture and temperature
on matrix dominated properties is similar to the graphite reinforced composites which '.asically
depends on type of resin used.

It has been found that glass fibers are degraded by water due to a reaction between alkali
ions in the glass and water which in turn affects the siloxan bond (the structural backbone of glass),
forming an alkaline medium on the surface of the glass. If uncoated glass is used in a resin matrix the
rapid migration of water along the fiber interface is observed. This is paralleled by degradation of the
interface and tensile strength of the fiber. Present day glass fibers are used in strongly-bonded poly-
meric coatings and a considerable amount of research has concentrated on the reinforcement mecha-
nism of glass fiber reinforced plastics. Ishida and Koenigi 14 2 1 reviewed literature on this subject with
an emphasis on the microscopic aspects (molecular structures of glass/matrix interfaces). The glass/
matrix interface was studied as a three-phase system and includes a) glass/coupling agent interface,
b) coupling agent and c) coupling agent/matrix resin interface. Each of these phases was studied
individually using modem spectrometers.

Antoon and Koenig[ 14 1 used Fourier-transform infrared (FTIR) spectroscopy to identify
irreversible chemical effects of moisture on highly cross-linked anhydride-cured epoxy resin. The
effects of high tensile stresses and presence of filler were also investigated. It was concluded that
hydrolitic attack of water on the ester linkages was accelerated in the alkaline media, enhanced by
the presence of inorganic filler (glass fiber) and was a mechanically activated process (external or
residual stresses). Further studies of the interface were reported by Koenig in[ 17 2 I. Spectroscopic
studies should be correlated with mechanical property changes and are indispensible in understanding
degradation mechanisms. A good example of such a study was work by Ishail 141 1 where samples of
glass fabric/epoxy were subjected to several absorption-desorption cycles and their wrap and fill
strength was tested in tension. Infrared spectroscopy was used to analyze the water during immersion
and distinct traces of silica compounds were found. Ishai pointed out that caution is called for in
using elevated temperatures for accelerated testing, since correlation between short-term effects and
their long-term counterparts at low temperatures is not clear.

Scola 25 5 1 studied shear and flexure properties of three types of S-glass/epoxy composites
and their resins after various temperature and humidity conditions. The typical results are presented
in Figure 14. One interesting observation was that the principal cause of composite shear strength
loss due to water is weakening or debonding of the resin-fiber interface, however, the strength and
modulus changes of the resin appear to be insignificant in the degradation process. Some degrading
influence of the resin was found by Scola in a further study! 25 4 1.
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Nicholas and Ashbeel 226 1 studied the effect of freezing or boiling of phase-separated water,
and concluded that: 1) non-spherical water-filled cavities, specifically disc shaped cavities present at
water soluble inclusions propagate as cracks during the volume expansion associated with the water-
to-ice transition, 2) generation of the osmotic pressure is also responsible for the observed failure of
phase-separated water to boil during high temperature e-:cursions.

Docks and Buck[ 92 1 subjected several glass fiber/resin composites to thermal cycling and
grouped the resins according to thAir susceptibility to degradtic-J in these condition3. Some vinyl or
modified vinyl resins seemed to perform best.

Rao et all 238 1 measured the effect of moisture and glass contents on the Poisson's ratio of
glass fiber reinforced plates. Laser interferometry was used to measure Poisson's ratio and the results
are in Figure 15.

ALamothe, Halpin and Neall 8 5 I1 developed design allowables for glass/epoxy (S2-449/SP-250).
After the test specunens were subjected to different preconditioning cycles, tension, compression and
SBS tests were carried out, Table 7.

Lubin and Donohue[ 199 1 presented unique and encouraging data from tests carried out on
samples of glass fiber composites cut from aircraft structures which were in service for up to 19 years
and the results were compared with data obtained at the time the structures were manufactured. Some
of the results are in Tables 8 and 9. Most of specimens showed excellent strength retention, but, only
a few of these parts were exposed to temperatures over 82°C which may be the reason for the low
degradation.

9.3 Aramid (Kevlar) Fiber Reinforced Composites

Despite the growing amount of Kevlar composites being used in aerospace and other indus-
tries relatively little work has been published on hydrothermal effects on these composites. Kevlar
fibers are organic and, in contrast to carbon or glass fibers, they absorb moisture.

Wul 32 2 1 stucied strength degradation in filament wound Kevlar 49/XD7818, Jeffamine
T403 epoxy. Samples tested in longitudinal and transverse tension, and in longitudinal compression
were the flat coupon type. Transverse compression and shear was measured on tube specimens while
biaxial tests were performed on pressurized tube specimens. All specimens were dried in dessicant and
then subjected to one of the following conditions: 52% RH at 230C, water at 230 C or water at 1000C
until moisture equilibrium was reached. The typical effect of moisture on ultimate strength is shown
in Figure 16, which indicates that substantial degradation occurs for room temperature water immer-
sion. (However, in service this is not likely to occur as much lower wt gains are observed.)

Wu concluded that due to large differences between tensile and compressive strengths and
different degrees of degradation in the fiber-controlled vs matrix controlled strengths which caused the
failure surface to shift and deform, a polynomial third order tensor strength criterion would be more
suitable. However, this required four additional biaxial experiments to determine coefficients for the
polynomial.

Allred[ l1 0 studied the effects of temperature and moisture content on flexura! response of
two Kevlar 49 fabric (181)/epoxy laminates (5208 and Ferro CE-9000 both 1900 C cure) in two lay-
ups [0/90] and [±45, 0/90]. The testing temperature range was from - 55 0 C to 1500 C. Both materials
exhibited fairly similar properties. For both lay-ups the results indicated that Kevlar 49/epoxies have
temperature dependent mechanical properties over the range investigated, and that moisture increased
temperature sensitivity. Load vs deflection for [0/90] CE-9000 is shown in &'igure 17.

In flexure tests at 1500C and near the moisture saturation content (5% wt), a loss in
strength of 60-70% and effective stiffness loss of 40% was recorded. At 210 C the saturated specimens
were 35-40% weaker than dry material. Specimens having a [±45, 0/90] lay-up seemed to be slightly
less sensitive to moisture. Failure modes which were distinctively different then for other composites
were reported, i.e. compression buckling of filaments of [0/901 or tensile delamination for the [±45,
0/90] lay-up.

IEL 'low
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For the 1±45, 0/901 lay-up the effects of voids, long term moisture exposure, freeze-thaw
cycling and reversibility of moisture exposure on drying was also investigated. All these conditions
were found to degrade laminate strength and degradation due to moisture exposure was found to be
irreversible (dried specimens had the same strength as specimens saturatel with moisture at room
temperature).

Deteresa et all 8 6 I used single filament techniques to establish the critical length of Kevlar 49
fiber in pl., -Aamid (Nylon 6) film. Tests were performed at room temperature. It is surprising that
soaking in water seemed to shorten the critical length apparently strenthening the bond between the
fiber and matrix, but further studies are required to clarify this point.

Humphrey et all 136 ! subjected Kevlar 49, filament voiud composites with various resins to
710C ard 95% RI. After 21 days of exposure specimens tested in short beam shear demonstrated
reduction in strength from 29% to 46% depending on type of resin.

Kevlar 49/Fiberite 934 epoxy composite, in transverse direction was tested by Allred and
Roylancel I 1I. At 250C moisture saturation (> 5% wt gain) caused a 35% decrease in ultimate strength
Lad 25% decrease in elongation. Stiffness was found to be less sensitive with a 14% decrease from the
dry room temperature value. Microscopy of the fracture surfaces revealed that property reductions
were accompanied by a change in failure mode froin an interface dominated one in dry condition to
a filament splitting mode in the moisture saturation condition.

In 1973, Lockheed under a contract from NASA manufactured and installed Kevlar 49
fairing panels in three L1011 wide body transports. C"oncurrently, NASA runs ground-based exposure
tests on Kevlar 49 coupons. Referencel 276 1 is the eighth annual flight service evaluation report which
includes the ground-based coupon test results. The Kevlar 49 fairings continue to perform satisfac-
torily and no mjaor damage or defects have been observed after eight years of service. However, these
components are lightly loaded and so far no tests have been performed to assess the amount of de-
gradation of properties or to measure the moisture content. Tests were carried out only on the ground
exposed samples. It was found that moisture contents stabilized after five years at slightly over 2% wt
gain. No degradation in flexural strength was found while shear and compressive strengths after five
and seven years decreased in the 15% to 20% range.

There are other on-going service evaluation programs, i.e. 30 I which should provide more

information on degradation of Kevlar composites.

9.4 Composites for Service Above 200'C

An excellent review on synthetic resin matrices for use up to 3000C can be found in a
recent book by Delmontel 8 4 I. Recent papers have been reviewed which discuss moisture effects in
these materials.

One of earliest works of the effects of water on the properties of a glass/polyimide laminate
was reported by DeIasil 83 1. After 1200 hours of exposure to 1000C water or 100% RH specimens
made of 7781 glass fabric with l100S finish and Monsanto's Skybond 709 poly 'nide resin lost 90%
of their flexural strength when tested in dessicated state. The calculated value of the activation energy
of the degradation process indicates selective hydrolysis of the matrix material followed by a break-
down of the polymer-fiber interface.

Lisagorl 1941 studied the effect of moisture on short beam shear and compression strengths
in HTS2/PMR15 and Celion 6000/PMR15. Specimens were conditioned to saturation at 100% RH and
820C and tested at -96°C, 210C and 3160C. Vacuum drying of as processed samples produced
improved mechanical properties. Results for "wet" samples should be compared with dessicated
samples, i.e. for compression strength compare Figures 18 and 19. Moisture conditioning of graphite/
polyimide composites produced moderate to severe reduction in compressive and interlaminar shear
properties at 3160C. This degradation appeared to be associated with the lowering of the Tg of the
matrix.

t
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Rummier and Clark[ 2 5 OI presented results of thermal aging of HTS/710 for times up to
25,000 hours. Specimens were tested in tension at the aging temperature. The results indicate that
HTS/710 material shows degradation after 1000 hours at 2880C and after 10,000 hours it was severely
degraded. For lower aging temperature (2320C) no degradation was observed after 25,000 hours. Thus
the maximum service temperature for HTS/700 should be reduced to 2320C for long time application
in aircraft such z' 3upersonic transports.

Scolal 25 6 ! investigated the effect of thermal aging and moisture on several composite
systems consisting of addition type polyimides PMR-11, PMR-15, P13N in combination with the fiber
reinforcements S-glass, Thormel 300, HMS and HTS graphite fibers. PMR-11 and P13N systems proved
to be fairly resistant to degradation due to moisture and PMR-11 systems demonstrated good flexural
and shear strength retention after 2500 hours in air at 2880C.

Patert 22 i showed that PMR resins modified with N-phenylnadimide had superior properties
to standard PMR-15. Tests included isothermal exposure at 3150C for up to 1500 hours in air and
hygrothermal exposure for 360 hours in 95% RH at 820C, followed by flexural and shear strength
testing at 3150C.

For graphite/polyimides strength degradation is directly associated wiLh fiber thermo-
oxidative resistance while stiffness retention seems to be controlled by the thermal stability of the
matrix in flexural and shear tests 18 1 I.

Serafini and Hansoni 25 91 investigated the effects of thermo-oxidative and hydrothermal
exposure on T300/PMR-15 and HTS2/PMR-15 composites. It was very difficult to carry out tests in
"wet" condition at 2000-3000 C since desorption at these temperatures was very rapid. This cast
doubt on the validity of other elevated temperature "wet" results. The case of loaded and soaked
material being subjected to temperature spike is not unlikely in acutal service and greater strength
reductions for this case can be expected.

10.0 CONCLUSIONS AND RECOMMENDATIONS
Many conclusions can be reached from the preceeding sections and only the most important

ones are listed below along with recommendations for further work proposed by the reviewer.

(i) There is a growing need for standards for the testing of composites. The areas that have to
be addressed are:

a) Standard methods are required for material characterization, including chemical
content and cure quality.

b) Specimen and fixture designs are required which take into :-ccount the hot/wet condi-
tions used in testing.

c) Standard methods are required for predicting the realistic moisture contents which
can be expected during service.

d) Standard methods are required for preconditioning the sample before testing in wet
conditions.

e) Standard technique of testing under hot/wet conditions (temperature gradients,
humidities, loading rates, etc.).

f) Greater emphasis should be placed on the statistical analysis of data.
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(ii) Environmental conditions ge,-.:ally have the greatest effect on the noncritical design condi-
tion of no defect. There is no clear difference in notch or defeftt sensitivity as testing tem-
perature and moisture content changes.

(iii) Slight differences in chemical content and cure quality may result in materials with equi-
valent short term mechanical properties but different environmental sensitivities.

(iv) Materias used in most references have rot been accurately characterized and therefore the
material properties reported may only be treated as indications. This is especially true of
environmental sensitivity of composite materials.

(v) Maximum service temperature for some epoxies, formerly advertised as 1770 C (350 0 F)
should be lowered generally by 500 C due to hot/wet properties being greatly reduced.

(vi) Fiber dominated properties seem to be little affected by moisture and temperature.

(vii) Results of tests on samples exposed either on the ground or taken from structures that
were in actual service for several years, show little degradation due to environmental
exposure. However, most of these samples were only lightly loaded.

T=

I
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TABLE 1

SUMMARY OF EXPERIMENTAL DATA ON THE EFFECTS OF THERMAL SPIKES
ON GRAPH1'rE/EPOXY COMPOSITES[ W

Compos.

materil Refrence Abwrtidoa Tensi e ji Swa Flexural Buckling Temule Fatigue
Matei~l Reeesac. Dhkvior Ssmofh St"Iseg StftCRtM Strengtht Modulus Modus

T300/1034 Present %.ork N N N
T300/934 Boimannn-Dapg 111 N

LReinhart 121 N
T300/5208 McKstiae et &1 (31 L

K~ibler 141 I
Augi 151 N
Lundemo.Thor (61 SL

T30015S209 Sloacklin* 171 S N N S
T300/25" Stoccklin* 171 S S S S
T400/2544 Tfabocco-Standgr* (SI N-1. S N
AS/3SOI Stoecklino 171 S S N

Trabacco-Stande* Ill)1
AS/350145 Wesai-Whileside 191
AS/X.2546 11yowninp-llanness I101L
HMS/339 Caao ta I N N
H.151934 Caao :aj~I SN
HMS6759 CaaonC I I SN
HMS/3501 C.mahon" etll (II N
NNSIX-2546 SrwigHnea1101 LN
HTS/3002 Trabocco.Standcr* fSiN

lfSd6 Bfrowning-Haxtness 1101 N N S
WTSIADX 316 BrowninpHsriuws, I101 N N S
NTS/P13 N Ofownint-Horuiw I1101 N N S
HTS/X-2546 Irowning-Hartress I 101 N L L
Modmor 11/S206TfaboccoStandgr* 181 N
Nrmco 238700rowning-Haness (101 L
ERL 22561ac) Drowning-Harneaa 1101 S
ERLA 4617(at) Irownirq-Harteam 1101 L
X2546(nr) Brownint-Hann 1101 L

N aeglaghi. oftecti S mall effect; L - aorm effect; mvy) near resin; -Weathering als

NOTE: Nuibom in aquas. benokat wa~w t, Ulatura 1.11961
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TABLE 2

SUMMARY OF EXPERIMENTAL DATA ON THE EFFECTS OF MOISTURE AND
TEMPERATURE ON THE ULTIMATE TENSILE STRENGTH OF COMPOSITES|"1 I

Laminate IaDv.Up Orientation

Composite Reference 0 w/4 90' Remarks

Moist Temp Moist Temp Moist Temp

Thornel 300/F-iberite 1034 Shwn & Springer, 1976 L N L N S S
ilercules AS-5/3501 Browning et al, 1976 131 N N N N S S

Verette, 1975 141 N N N - S S Limited data
(2--3 points)

Kerr, et ai, 1975 151 - N - N - S Two data points
for 90° laminates

Kim & Whitney, 1976 161 - - N N - -
Thornel 300/Narnco 5208 lofer ct al, 1975 171 L L N L S S

Ilusman, 1976 181 .. . .. S L
Modmor l1/Narmco 5206 llofer et al. 1974 191 N L N L S S
Courtaulds IIMS/llercules 3002M Iloter ct al, 1974 191 N N N N S S Very scattered data

for 90 laminates
HT-S/1.RLA-4617 Browning, 1972 1101 - - L S - - Only two data points

for temperature
IT-S/Fiberite X-911 Browning. 1972 1101 - - N N - -

IIT-S/II.C.('.X-2546 Browning, 1972 1101 - - L N - -
PRI)49/ 'RLB4617 Ilanson, 1972 1111 - L . . . .
I'-S/(8I83/137-NI)A-BlF 3 :Ml"A) llcrtz, 1973 1121 ..- - S S

I'i-S/llysol AI)X-516 Browning, 1972 1101 - - N S - - Only two daia points
for temperature

Hercules lIT.S/7 10 Polyimide kerr, et al, 1975 5 - N - N - N Only two data points
for 90 laminates

IIT-S/PI3N Polyimide Browning, 1972 1101 - - L -- -
Btwron/AVCO 5505 Ioter, ct al, 1974 191 L N L L S S
Boron/Narmco 5505 Kaminski, 1973 1131 - L - - - S

BrownhJg, 1972 1101 - - N N - -

(a) N . Negligible effect (h) L -- Little effecl (< 30%) (c) S - Strong effect- 301t)

NOTI: Nurnb in equa lanaets refer to litostuoav 4n11

* m~ A J~b~ A '



TABLE 3

SUMMARY OF EXPERIMENTAL DATA ON THE EFFECTS OF MOIBTURE, AND
TEMPERATURE ON THE ELASTIC MODULUS OF COMPOSIfT MATERIALI 

LjamanAto Lay-Up 0riootati.

IoRefereMn 4iI 9j,

Moist Toqs Hoist Trap 1t10 1Icap

BUCKLING TST

Thorone Owvl ibsotte 104 Shen & Spesogor 1977 N N N S S

TEN4SILE TEST

Hercults AS.S/ltOt growisng, et at £976 IS] L N L. S

Vorttt197S 161 N N N - S S

Kerr etat £ 973 171 N k

mhornet 300/Narueo 3208 Moar et at £973 (93 IfN N N N N

turan £976 (91 S S

Modmor li:Namcs S206 Mofer at at £974 1£OJ Ns It N N

Couarluold. 19S/iettu5 30Km Hofa? tt &1 1974 (101 q 4 N N S

Ifl.S/NLA-4617 3,0ring IN72 £[111 N S

l1T-S/Ftbers e 1-911 g rowng 19" 111) M N N

1ff-S/K? 1-.2346 lroang £972 J1IllIN L -

1D49/119L5.44£7 Maera £972 112) - 3

MTSC89/£?A-~:MIA) Marts 1971 (£33 M N

TENSILE TIEST

ItT-SAI' to Aol-SIN, lrowmso £972 [111 M N 5

trT.! -,II Iolvsatde terr e & 0 1s 975 171 M

Ifl-S/Pt"4 Potylahule tra-ioj £072 1113 -L I

loran'/Wc0 330£ t10er et at 1974 1tO) N N N N4 S S

loroni'-.'rco 5395 growng 1972 (II1- - N

CtIINESSIVE TEST

Ifereol- AS53/730 Verotte 197S [A) N N -L S

Thou-oct Sltltaraco i2CS Ier et atI 19'S (9) L N k N L N

Nsdaor It/Norera 3206 lo9fer e at &1£974 [£0) N N 14 N S S

Cosrta-,'ls I9I/'ertula 300RM Wuer vt at 1974 1.(,) Ns N N N S

vorvrfl 93,0$ Ikt(- H ofe t at 1974 110) A N N .4 q

a) N altgtblc affet

b) ILi ;toffftE (C'@%)

a) S *Stungl atfnc (P3,A)

NOTE: NumbsIng Immuneaf bsmamktb reft to itat-ue In 12e0l
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TABLE 4

GRAPHITEMIPOXY TAPE AWD FABRIC LAMINA DESIGN
ALLOW A.LWCS 116 |

MATRIALV OA * PRtOPIST?
Dolt €101 TAPI VAINIC

MODULUS• 10 PSI 20.1 so

TENSION STRENGTH • 103 PSI 97.4 3,2

STRAIN - 10.6 IN/IN 4750 3900

MODULUS - 106 PSI 8.7

COMPRESSION STRENGTH - 103 PSI 14 3443

STRAIN - 10-6 IN/IN 4000 4000

*WONST ENVIRONMENTAL CONDITION. 3/1 IN OIA
NOTCH OR IMPACT OAMAGI

TABLE 5

STATIC SHEAR PROPERTIES OF THE COMPOSITE MATERIALS AFTER
CONDITIONING| 331

Shear Strength Shear Modulus Shear Strain
Material Treatment plM-a" GNM- I (x 10 - 1)

CFRP As-received 76 + 9 (8) 3.5 + 0.6 (8) 39 11 (6)
Soak.d 61 ; 6 (4) 3.4 + 0.2 (4) 25 10 (4)

Dried 72 + 9 (4) 3.5 + 0.2 (4) 2") 4 4 (4)
Annealed 81 + 13 (4) 3.7 +0.6 (4) 37 .11 (4)

GRP As-received 79 + 3 (5) 3.8 + 0.2 (3) 67 + 4 (5)
Soaked 55 ; 6 (4) 4.3 ; 0.2 (4) 40 ; 8 (4)
Dried 6) + 7 (4) 4.0+0.4 (3) 31 + 4 (4)

Annealed 82' + 2 (3) 3.5 + 0.3 (3) 37 ; 4 (3)

KFRP As-received 48 + 4 (6) 1.5 + 0.1 (6) 27 + 3 (6)
Soaked 274' 2 (4) 1.4 40.3 (4) 34 1 (4)
Dried 33 + 2 (3) 1.3 0.1 (4) 31 5 (4)

Annealed 34 + 2 (4) 1.4 0.1 (4) 27 1 1 (3)

Uncertainties are standard deviations

Figures in brackets are the number of specime.i

. ......
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TABLE S

RESULTS OF EXPOSURE ABOARD US CONSTELLATION AND NIMITZ
CARRIERS OF AS135014 MATERIAL1041

Urpainted US CONSTELLAqTION NIMITZUnexposed Exposure Exposure

Tensile Strength
P.S,..

R.T. 55831 62922 58821

82.2°C 57432 61674 63292
121.1 C 61016 60111 57767

Shear Strength

P. S. 1.

R.T. 6257 6149 6015

82.2aC 5964 6157 6807
121.1 0C 6108 5920 4276

Flexural Strength

P.S.I.

t.T. 53232 52171 56489
82.2°C 52389 47253 59933

121.1°C 53544 46164 49191

* Nuclear Carrier
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TABLE?

SUMMARY OF MECHANICAL PROPERTIES OF SP-250/-2 FIBERGLASS EPOXYI'I

Fabrication L.ayup I Cre riles:
....... __- p .as.lsotro c 50 PSI 30 min!250F gf mln/25OF 8,12,16

Physical Properties icight % Resin: Density: Avg. 2 voids Avg. Thivkness:
50.1 1.85 0.53 0.0o09 in/ply

Test Methods Tension: C'mpression: Intvrbirninar Shear:
ASTH D-'039 ASTH. .- 3410 ASnI _-2344

Temperature _ 75F .... ___6__"

Condition 0, R11 50. R11 95% RH 95. R
1 ffonth 3 Months 3 Months 1 Month

Avg SD Avg SD Avg SD Avr SD

Tension, QT*
ultimate stress, ksi 74.32 4.94 75.56 3.00 62.87 3.42 48.26 3.09
ultimate strait, Z 1.4R 0.44 3.61 n.19 2.75 0.06 2.07 0.13
lower modulus, 106 pi 3.50 0.28 3.22 0.13 3.31 0.18 3.34 0.18
upper modulus, 106 psi 1.80 0.15 1.77 0.10 1.89 0.15 1.93 0.10

secant modulus, 106 psi 2.12 0.14 2.15 0.15 2.26 0.14 2.32 0.10

Tension, 00
t:Itlmnte stress, k ! 228.62 16.00 222.90 15.43 174.25 13.20 141.53 14.16
ultimate strain, % 3..1 0.43 3.55 0.17 2.78 0.12 2.25 0.07
secant modulus, 106 pal 6.43 0.56 6.37 0.31 6.41 0.37 6.49 0.25

Compresalon, QI*

ultimate stress, kst 73.11 3.73 72.75 1.41 67.81 3.56 62.76 3.88
ultimate strain, 2 2.96 0.34 3.06 0.13 2.73 0.23 3.10 0.35
secant modulus, 106 pai 2.55 0.19 2.49 0.30 2.31 0.18 2.31 0.50

rnterlaminar Shear, 00
ultimate stress, koi 9.72 0.76 9.38 0.64 9.44 0.67 7.74 0.60

* (0/+45/-45/90)s *6 (0/+45/-45/90)2a

I + 3



TABLE S

FLEXURAL, TESTS ON E.ZA RO'rODOME, SERIAL NO. 1 AT 25 oCI199I

TEST ;FA A'4D~ !~ (0.011" PLY) C 1lC.'\AL ATA U~ PHI)S)

STR. 400. TR,

'~sI mpa MS! :A~S PS 4S I P

UjPLR SkIN S"3. 311 - 1 .l5 "'4 -PAINTED '6.6 390 - r3.5 4'8 -

51.0 393 - b3. 5 43 -a

AV. 55.8 48 - - h8 433 -

P; NT ki T!oN .'9

.;vi m SKIN 16.S 1116 ?.34 16.1 t4.0 1A 71 34.9
PA iN 110 t5. 9 b45 2.37 36.3 s1 5 2'b 210 15.8

76.4 526 2.37 16.3 b2. 0 12 ! )0 1?.?

A.VG 12.9 S0? 2.36 lb.? bl.2 422 252 17.4
P" '-.!, 'OltN 100+ q3. 7-

KS! " iP a MSI uPa KSI pa "s! 'Pa
W,-R'.N - 51,2 :14 1,.8 13.0 -0.0 424 1.9 13.1

"U .N1 T q.6 411 1. 88 13.0 !6.O 45 5 ' .0 11.8

AS "8.9 406 1.89 13.0 65.9 .354 2.0 13.8
~9CE1 ~TON S.4 94.5

KSI X.Pa 3.35 GPa KS! Pa 'VS! !Pa

l\%'R SKIN - 53.5 369 1.36 9.4 61's 4214 1.8 12.4
**o '.i%' !'o!s- S6.3 391 1.45 10.0 t9.0 .43? 1.9 33.1

T.kE C',.lENT:1.)% $7.3 '95 1.63 11.2 60.0 413 1.1 11.7

AVG. 55.9 385 1.48 10.? 60,2 415 1.8 32.4
PERCENT HRtfNTION 92.8 82.?2

CAP -
,6 PAINT, L OCED 43.9 302 6S.0 4338 -

M01'%'R CONTENT.

0.c84%3L~!N 15-

kt L4*1-
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TABLE 9

TENSILE TESTS ON E-2A ROTODOME, AERIAL NO. 1, 25 0C|11lf

Is: A - F3 ", O ,0 Il/PLY) . -, .:','i '-,'A .;,. KulS)

-" ''t .. jlus Str. *:SI '..Z. "$1

'Si 'Pa ISI &Pa KS IS
-A- in -

1t re 17.2 56 2.07 14.3 32.0 220 2.1 14.4

: 1 A, 5.3 174 1.98 13.6 32.0 220 . 11.7

34.4 237 1.94 13.4 31.5 215 ?.2 15.2

35.1 242 2.89 13.0 26.5 251 2.3 15.8

37.8 260 1.89 13.0 36.5 251 2.3 15.8

AVG. 34.0 234 1.95 13.4 33.7 232 2.1 14.4
;,er ent ;--lt..nt ion I004 92.9

' sure 39.5 272 1.83 12.6 3b.3 "50 2.3 1..8

^-,.ent: 1.46% 42.9 296 2.09 14.4 29.4 M71 2.5 17.2

43.5 300 2.27 15.6 38.4 265 2.6 17.9

AVG. 42.0 289 2.06 14.2 38.0 262 2.5 17.2
..rcvn t ,untiof 100 82.4

.aer 'kin

' a Paint

Moisture 35.0 241 1.77 12.2 .0 255 2.S 17.2

Cotent: 1.00% 34.0 234 1.88 13.0 40.0 276 2.8 19.3

38.0 265 1.94 13.4 39.0 269 2.5 17.2

32.3 223 1.74 12.0 40.0 276 2.5 17.2

38.5 265 1.98 13.6 40.0 276 2.7 18.6

AVG. 15.7 246 1.86 12.8 39.0 269 2.6 17,9

Pir(-cnt Put.t ion 91,5 71.5

. -. - . "I ' " ,.



1000 re1woi i
900 - PECIM[N DiMUIkSmMN (IN.).

ttI. 1 G L = 3 00
WIDTIH (W) = 0 500

90THIICKNESS (11 0 060 10 C0 0F EPXY PEN~~tXYOK -s ~ A 0 5L -;~ =0.1

300 
a + I " I T P

200 7

100 C.-lRA~A

20 10 0 0

1.MPENTERFIBER
SflAM& S PCR C. 01311I N

FIG. 1: EFFECT OF TEMPERATURE ON TENSILE 4

STRENGTH OF GRAPHITE COMPOSITES 178 FIG. 2: SHEAR TEST SPECIMEN15 1

V



-22-

350

MOISTURE CONTENT
B EFORE CAYIG:

I 20h M, .SM.

a 50 TEMPERATUK, K

FIG. 3: MOISTURE LOSS OF SPECIMEN DURING
THREE MINUTES OF DRYING AT DIFFERENT

TEMPERATURES. Mi AND Mf ARE THE MOISTURE

CONTENTS BEFORE AND AFTER DRYING. M.DENOTES MOISTURE CONTENT AT FULL
SATURATIONI 161

FAST SLOW

U 
-4-

0 3 1 1 8 6

TIZ MN

FI.4:SHMTCOTHRACYLSFR4

FIGE4MPCEATICROFCTHERMAL CYEMSFOR



r-23

WEt T'% MR -105% WT GAIN
WET 95% Am - 1 60% WT GAIN

70 AS/350l-5 /
_ (90),

VI *63%

40 
R0" ?

U __ , 6 i,

300DA

SLOW THERMAL. CYCLES 30-5700-%

.0l1 A .6l .9 i 0

444

0FIG. 6: TYPICAL TRANSVERSE STRESS-STRAIN

'i 70 s5V/o CURVES AS A FUNCTION OF TEMPERATURE FOR
| AS/3501-5 UNIDIRECTIONAL COMPOSITES| 4 1 I

02
FAOT THERMA L CYL°

to r 0. 100 ./0 4 0 . 0

80 04K T O T

0% '40Y

FFIG. 6: TYPICALTTRANSVERSE STRESSESTRAIN
COMPOSICURES AS A FUNCTION OF THRAFI.7ULMTEENLEMPERANTR OR-

CYCLI004,l T2RE 0/IEIE104A UCIN

50 qo

STC THENMAL CYCLES 0 2

OF TEMPERATURE AND MOISTURE CONTENT.. i
PRESENT DATA. FIBER VOLUME FRACTION*!

--0.08. 1GPm IAN X 105 Ibf/n2l2 l I

AS "A

n I ..



- 24 -

CF.IANES[ (AIPRSSION lEST fiFT0) -AST D-3410
(AS,501-6 G~raphite Fpoxy; F.8. -62.52)

-1600 E *c 112.7 .ps 3 16.35 q0 
6 

ps) xc 0.34 (20

-15.1~train -15.1~ U' 10 0'. 10 (20

UINCENSORED DATA - ---- Va ATA CFNSOREP BY FAILURE MODE (20

13.3u -13.3L,

-1200--11.7u RTW

VS -1191 (-120

-1000 (-40)

(-120)

(-0

-200M 0
-(20

1I 0

6

o0 0

- - --. Rm

4

a ~To

z 
T,

00 20 200 1.0 2.0 27

SURItFACE SNEAN STRAIN 1.110"I FIG. 10: TEMPERATURE EFFECTS ON TANGENT

FIG. 9: TORQUE-TWIST BEHAVIOR OF THE
AS-RECEIVED COMPOSITESI 2331



-25-

250-

I20

FI 1:FEUASRNTO NDRCINLCRO IE

COMOSTES(NRMC 50T0)AAFUCINOTEPRUE

I ~WI
. . . . . . . . . . . . ~ . L



-26.

S-- UNCOAlFO PAN EXPOSURES

0-- -Q COATED PAN EXPOSURES

6-4 UNCOATED %eAR EXPOSURIS
0 0.93- -- Q COATED WAR EXPOSURES

40

20

to

6 17 lb
MAONTHS OF EXPOSURE

FIG. 12: THE EFFECT OF EXPOSURE TIME ON COMPRESSIVE STRENGTH
OF 3002T GRAPH ITE/fEPOXY1291I

7s..-
I+

.ei . ......

FIG. 13: 400 SERIES, 10 PLY (01±4590) WARMINSTER, % RETAINED SHORT
BEAM SHEAR STRENGTH, AS/3501-6 GRAPHITE/EPOXY204J



r -27-

OMPOSITE NO. IN
2*M-0110 p[SIN OC-I1J 22"-0170 ICOATOlI

IREATMENT Is CHAkGgg Is CAN0IIs

tVACUA7ION 300. 24 MRS P1(1GM?
SOILING WAIl.. I4 MRS - -

SW. 24 M4RS * IVa
[OUILISRIUM WATER BOIL 71

EOUILIBRIUM WAIER BOIL
• IV -I.0 1.0 2.0 "* t 10 *,

EpMOLUS &HEAR

Ewa

[WO . tVAC ,

-200 10.6 10.0 -10.0 0 .10.0

lW ST~lGTH

Bw . EVAL

two

tE VAC

-0 0 40 -100 0 .1"t0

FIG. 14: WATER EFFECTS ON RESIN AND COMPOSITEII255

Glass reinforced
#pouy

Glass contenl

63/. by w - -

0

01[ - --------------0.0 01 0-2 0.3 0-4 OS5 06

% of m.oisture

FIG. 15: EFFECT OF MOISTURE ON THE POISSON'S RATIO OF A
GLASS CLOTH REINFORCED EPOXY COMPOSITE123B I

4

4I



-28-
°I

101

IC)0 a_1

6 6

01

()o { I

- o

2 , 2C

0 0.1 0.2 0 4 8 12
Strain % Moisture Content %

FIG. 16: TRANSVERSE TENSILE BEHAVIOR OF K49 EPOXY AT DIFFERENT

ENVIRONMENTAL CONDITIONS. LEFT, AVERAGE STRESS-STRAIN RESPONSES

AND FAILURE POINTS; RIGHT, TRANSVERSE TENSILE STRENGTH AS A FUNC-

TION OF MOISTURE CONTENTS (MPe X 0.145 - Ksi)i "3I

t,,- 7', l ., ,.,,...,' ' 'f ", .. ,li ,i'''= ":,'l = . ., .



-29-

D1liiCIION. rI1rWGFi

0.0 .0 1.0 6.0 so 10 0 1 2.0 14.0 1i.0 IL0 20.0 22,0 4.0I I I
28cO 120

110240 5 c. 5 A w*o O1

220 1I00

16 -
70a

21%. DRY 6

10o- 5 0C. DRY 4O

150C. 4.9 wO 1470

60

?0 10

4020 IO

C I I l..j...

0.0 0. 0.2 .L3 0.4 0.5 0.6 0 0. 0.9 1.0

DILLCIION inchel

FIG. 17: LOAD VERSUS DEFLECTION BEHAVIOR FOR [0/90] KEVLAR 49 181
STYLE FABRICICE-9000 EPOXY LAMINATES AS A FUNCTION OF TEMPERA-

TURE AND MOISTURE CONTENTI 10 I



-30.

1.2
-HT S2 (0, ±451 90)

1.0

a _______CELI ON (0)
06LAM INATE a MPa8

______6__ 0 CE LION (0, ±45, 90)
HTS2 (0) 8 910- 2

.4 HT S2 (0, ± 45v 90) 2 290

CEL ION (0) 815

CELI ON (0, ±459 90) 2 549

0 117 294 589
TEST TEMPERATURE 3 K

t___________________________________________________

-250 70 600
TEST TEMPERATURE, OF

FIG. 18: FLEXURAL STRENGTH OF DESSICATED SPECIMENS 19I

who -



1.2
1. ~HTS 2 (, ±45, 90)2

0

0 _ _ _ _TS2(0

0.6 -LAMINATE ol MPa %SAT. EIO(0±459)
HT S2(0)8  910 902

-4-HT S 2(0, ±45, 90) 2 290 90

.2 CEIN()8 1050 70

CELION(, ±45, 90) 2 549 70 CLO 0

C 117 294 589
TEST TEMPERATURE, K

-250 70 600
TEST TEMPERATURE, OF

FIG. 19: FLEXURAL STRENGTH OF "WET" SPECIMENS11941

jMi



.3.

APPENDIX A - BIBLIOGRAPHY

ENVIRONMENTAL EFFECTS ON COMPOSITE MATERIALS

(1] Adams, D.F. "Influences of Environment on the
Dimensional Stability of Fiber-Reinforced Composite
Structures" - Environmental Degradation of Engineering
Materials NSF 1977 pp 345-352.

[2] Adams, D.F., hiller, A.K. "Hygrothermal Microstresses
in a Unidirectional Composite Exhibiting Inelastic
Material Behavior", Journal of Composite Materials
Vol 11 (1977) p 285.

(3] Adams, D.F. "Analysis of the Compression Fatigue
Properties of a Graphite/Epoxy Compositeo, Internation-
al Conference on Composite Materials 3 (1980).

(4] Adamson, M.J. "Thermal Expansion and Swelling of Cured
Epoxy Resin Used in Graphite/Epoxy Composite Materials"
Journal of Materials Science 15 (1980) pp 1736-1745.

(5] Adsit, N.R. "Elevated Temperature Testing of Graphite-
Reinforced Materialsm, SAMPE Quarterly (July 1979) also
24th National SAMPE Symposium (1979).

[6] Alfrey, T., Gurnee, E.F., Lloyd, W.G. "Diffusion in
Glassy Polymers", Journal of Polymer Science: Part C,
No 12 249-261 (1966).

(7] Allen, R.C. "Corrosion Mechanisms in Attack of Resin
and Resin-Glass Laminates", 33rd Annual Technical
Conference (1978) SPI 6D, 1-7.

(8] Allen, R.C. "Effect of Moisture on Flexural Creep of
Resins", SAMPE Quarterly April 1982.

(9] Allred, R.E., Lindrose, A.M. "The Room Temperature
Moisture Kinetics of Kevlar 49 Fabric/Epoxy Laminates"
ASTM STP 674 (1979).

[10] Allred, R.E. "The Effect of Temperature and Moisture
Content on the Flexural Response of Kevlar/Epoxy
Laminates: Part I and Part II", Journal of Composite
Materials Vol 15 (March 1981) 100-116 and 117-132.

[11] Allred, R.E., Roylance, D.K. "The Influence of Moisture
on Transverse Mechanical Behavior of Kevlar 49/Epoxy
Composites at 25 C", Proceedings of the Critical Review
Techniques for the Characterization of Composite Mater-
ials, May 1982 (AMMRC MS 82-3).

(12] Altman, J.H. "Advanced Composites Serviceability
Program Status Review", Advanced Composites Special
Topics (December 1979).

[13] Antoon, M.K., Starkey, K.M., Koenig, J.L. "Applications
of Fourier Transform Infrared Spectroscopy to Quality
Control of the Epoxy Matrix" ASTM STP 674 (1979).

[14] Antoon, M.K., Koenig, J.L. "Irreversible Effects of
Moisture on the Epoxy Matrix in Glass-Reinforced
Composites", Journal of Polymer Science: Physics
Vol 19, 197-212 (1981).

[15] Antoon, M.K., Koenig, J.L., Serafini, T. "Fourier-
Transform Infrared Study of the Reversible Interaction
of Water and Crosslinked Epoxy Matrix", Journal of
Polymer Science, Physics, Vol 19 (1981) pp 1567-1575.j im sm'mu u

- g~l lm I .ll ,ll iI.H



-34-

(161 Apicella, A., Nicolais, L# "Environmental Aging of

Epoxy Resins: Synengistic Effect of Sorbed Moisture,
Temperature# and Itpplied Stress", Industrial Engineer-
ing Chemistry Production Research Development Vol 20
(1981) pp 138-144.

[171 Apicella, A., Nicolais, L,, Astarita, G. Prioli, E.
"Hygrothermal History Dependence of Moisture Sorption
Kinetics in Epoxy ResinsO, Polymer Engineering and
Science, June 1981 Vol 21 No 1.

[18] Apicella, A., Nicolais, L., Astarita, G., Prioli, E.
"Effect of Thermal History on Water Sorption, Elastic
Properties and the Class Transition of Epoxy Resins',
Polymer Vol 20 September 1979.

(19] Arrington, M., Harris# B, "Some Properties of mixed
Fibre CFRP', Composites, July 1978, 149-152.

(201 Atkins, A.G., Mai, Y.W. "Effect of Water and Ice on
Strength and Fracture Toughness of Intermittently
Bonded Boron-Epoxy Composites", Journal of Materials
Science, II, (1976), 2297-2306.

[21] Augl, J.M., Berger, A.E. "Moisture Effects on Carbon
Fiber Epoxy Composites; II Prediction of Elastic
Property Degradation", Naval Surface Weapons Center
NSWC/WOL/TR - 61.

[22] Augl, J.M., Berger, A. "The Effect of Moisture on
Carbon Fiber Reinforced Epoxy Composites I. Diffusion',
NSWC/WOL/TR-76-7 (1976).

123] Augl, J.M. 'The Effect of Moisture on Carbon Fiber
Reinforced Epoxy Composites II. Mechanical Property
Changesm, NSWC/WOL/TR-76-149 (1977).

[241 Augl, J.M., Berger, A.E. "The Effect of moisture on
Carbon Fiber Reinforced Composites. III. Prediction
of Moisture Sorption in a Real outdoor Environment',
NSWC/WOL/TR-77-13 (1977).

[25) Augl, J.M. "Moisture Sorption and Diffusion in Kevlar
49 Aramid Fiber', NSWC/TR-79-51, March 1979.

[26) Aveston, J., Kelly# A.# Sillwood, J.M. *Longterm
Strength of Glass Reinforced Plastics in Wet Environ-
ments*, International Conference on Composite Materials
3 (1980).

[27) Bailie, J.A., Duggan# M.E'., Fisher, L.M., Dickson, J.N.
*The Influence of Holes on the Compression Strength of
Graphite Epoxy Cloth and Tape Laminate at Temperatures
up to 430 K", International Conference on Composite
Materials 3 (1980).

128] Baker, A.A., Hawkes, G.A., Lumley, E.J. "Fiber-
Composite Reinforcement of Cracked Aircraft Structures
-Thermal-Stress and Thermal-Fatigue Studies", Inter-

national Conference on Composite Materials 2 (1978).
[291 Baker, A.A.# Rachinger, A.W., Williams, J.G. "Some

Australian Exposure Trials on CFRP and GRP Materials*,
Australian Defence Scientific service# Aeronautical
Research Labs (1982).

[301 Baker, D.J., Gustafson, A. "Composite Flight Service
Evaluation Program for Helicopters", Journal of Ameri-
can Helicopter Society, October 1981 p 70-74. i

42
- , --.



-35-

(31] Beaomont, P.W.R., Harris, B. "The Energy of Crack
Propagation in Carbon Fibre-Reinforced Resin Systems",
Journal of Materials Science, Vol 7, (1972), 1265-1279.

f32] Beck, C.E. "Advanced Composite Structure Repair Guide",
Journal of Aircraft, Vol 18, No 9, (1981).

(33] Beckwith, S.W. "Creep Evaluation of a Glass/Epoxy
Composite", SAMPE Quarterly, January 1980.

(34] Bergmann, H.W., Nitsch, P. "Predictability of Moisture
Absorption in Graphite/Epoxy Sandwich Panels", AGARD-
CP-288 (1980).

(35] Berman, L.D. "Reliability of Composite Zero-Expansion
Structures for Use in Orbital Environment", ASTM STP
580 (1975).

(36] bhatnagar, A., Lakkad, S.C. "Temperature and Orienta-
tion Dependance of the Strength and Moduli of Class
Reinforced Plastics", Fibre 3cience and Technology
(1981) Vol 14 213-219.

(37] Blaga, A. "Water Srption Characteristics of GRP
Composite: Effect of Outdoor Weathering", Polymer
Composites, January 1981, Vol 2, No 1.

(38] Bohlmann, R.E., Derby, E.A. "Moisture Diffusion in
Graphite/Epoxy Laminates: Experimental and Predicted"
18th AIAA/ASME Structures, Structural Dyanmics &
Materials Conference, 1977.

[39] Bonniau, P., Bunsell, A.R. "A Comparative Study of
Water Absorption Theories Applied to Glass Epoxy
Composites", Journal of Composite Materials, Vol 15
(May 1981) p 272.

(40] Bonniau, P., Bunsell, A.R. "Water Absorption by Glass
Fiber Reinforced Epoxy Resin", International
Conference on Composite Structures (1981).

[41] Browning, C.E., Husman, G.E., Whitney, J.M. "Moisture
Effects in Epoxy Matrix Composites", ASTM STP 617
(1977).

(42] Browning, C.E. "The Mechanisms of Elevated Temperature
Property Losses in High Performance Structural Epoxy-
Resin Matrix Materials After Exposures to High Humidity
Environments", International Conference on Composite
Materials 2 (1978).

[43] Browning, C.E., hartness, J.T. "Effects of Moisture
on the Properties of High-Performance Structural Resins
and Composites", ASTM STP 546 (1974).

[44] Browning, C.E. "The Mechanisms of Elevated Temperature
Property Losses in High Performance Structural Epoxy
Resin Matrix Materials After Exposures to High Humidity
Environments", AFML-TR-76-153 March 1977.

(45] Cairns, D.S., Adams, D.F. "Moisture and Thermal Expan-
sion of Composite Materials", AD-A109 131 November 1981(46] Caiwahort, J.L., Rennhack, E.H., Coons, W.C. "Effects
of Thermal Cycling Environment on Graphite/Epoxy

Composites", ASTM STP 602 (1976).
[47] Camarda, L.J. "Application of the IITRI Compression

Test Fixture at Elevated Temperature", Graphite/Poly-
Imide Composites, NASA Conference Publication 2079,
(1979).

i"v k-



-36-

{48] Campbell, M.D., Burleigh, D.D. "Thermophysical Proper-
ties Data on Graphite/Polyimide Composite Materials",
ASTM STP 768 (1982).

[49] Carter, H.G., Kibler, K.G. "Lagumir-Type Model for
Anomalous Moisture Diffusion in Composite Resins",

Journal of Composite Materials, Vol 12 (April 1978)
p 118.

[50] Carter, .G., Kibler, K.G. "Rapid Moisture-Character-
ization of Composites and Possible Screening Applica-
tions", Journal of Composite Materials, Vol 10,
(October 1976) p 355.

(51] Carter, h.G., Kibler, K.G. "Entropy Model for Glass
Transition in Wet Resins and Composites", Journal of
Composite Materials, Vol 11 (July 1977) p 265.

[52] Carter, H.G., Kibler, K.G., Reynolds, J.D. "Fundamental
and Operational Glass Transition Temperatures of Compo-
site Resins and Adhesives", ASTM STP 658 (1978).

[53] Chamis, C.C. "Residual Stresses in Angleplied Laminates
and Their Effects on Laminate Behavior", International
Conference on Composite Materials 2 (1978).

[54] Chamis, C.C., Lark, R.F., Sinclair, J.H. "Integrated
Theory for Predicting the Hygrothermomechanical
Response of Advanced Composite Structural Components",
ASTM STP 658 (1978).

(55] Chamis, C.C., Smith, G.T. "Engine Environmental Effects
on Composite Behavior", 21st AIAA/ASME Structures,
Structural Dynamics & Materials Conference 1980.

(56] Chamis, C.C., Sinclair, J.M. "Prediction of Composite
Hygral Behaviour Made Simple", NASA-TM-82780 (1982).

[57] Chapman, A.J., Hoffman, D.J., Hodges, W.T. "Effect of
Commercial Aircraft Operating Environment on Composite
Materials", 25th National SAMPE Symposium (1980).

[58] Chapman, A.J. "Graphite/Polyimide Tension Tests at
Elevated and Cryogenic Temperatures", Graphite/Poly-
imide Composites, NASA Conference Publication 2079,
(1979).

[59] Chen, J.S., Hunter, A.B. "Development of Quality
Assurance Methods for Epoxy Graphite Prepreg", NASA-CR
-3531 March (1982).

[60] Chiao, C.C., Sherry, R.J., Hetherington, N.W. "Experi-
mental Verification of an Accelerated Test for Predict-
ing the Lifetime of Organic Fiber Composites", Journal
of Composite Materials, Vol 11 (January 1977), p 79.

(61] Christensen, R.M., "Mechanics of Composite Materials",
John Wiley & Sons, (1979).

[62] Chung, T.J., Bradshaw, R.L. "Effects of Temperature
and Moisture on Anisotropic Structures", 22nd AIAA/ASME
Structures, Structural Dynamics & Materials Conference
1981.

[63] Chung, T.J., Prater, J.L. "A Constructive Theory for
Anisotropic Hygrothermoelasticity with Finite Element
Applications", Journal of Thermal Stresses Vol 3
p 435-452 (1980).



-37-

[64] Chung, H.IJ., Crugnola, A. "Time-Temperature-Moisture
Studies on Graphite Fiber Reinforced Epoxy Composites",
30th Annual Technical Conference (1975) SPI Sec 9A
p1-5.

(65] Clark, A.F., Fujil, G., Ranney, M.A. "The Thermal
Expansion of Several Materials for Superconducting

Magnets", IEEE Transactions on Magnetics Vol Mag 17
No 5 September 1981 pp 2316-2319.

[66] Clements, L.L., Lee, P.R. "Influence of Quality Control
Variables on Failure of Graphite/Epoxy Under Extrem,
Moisture Conditions", ASTM STP 768 (1982).

(67] Coggeshall, R.L. "The 737 Graphite Composite Fligh:
Spoiler Flight Service Evaluation", NASA-CR-165826
February (1982).

(68] Cotinaud, M., Bonniau, P., Bunsell, A.R. "The Effect
of Water Absorption on the Electrical Properties of
Glass-Fibre Reinforced Epoxy Composites", Journal of
Materials Science 17, (1982), p 867-877.

(69] Crossman, F.W., Mauri, R.E., Warren, W.J. "Hygro-
thermal Damage Mechanisms in Graphite-Epoxy Composites"
NASA Contractor Report 3189 (December 1979).

[70] Crossman, F.W., Mauri, R.E., Warren, W.J. "Moisture-
Altered Viscoelastic Response of Graphite/Epoxy Compo-
sites", ASTM STP 658 (1978).

[71] Crossman, F.W., Flaggs, D.L. "Dimensional Stability of
Composite Laminates During Environmental Exposure",
24th National SAMPE Symposium (1979).

[72] Crossman, F.W., Wang, A.S.D. "Stress Field Induced by
Transient Moisture Sorption in Finite-Width Composite
Laminates", Journal of Composite Materials, Vol 12
(January 1978) p 2.

(73] Crossman, F.W., Warren, W.J., Pinoli, P.C. "Time and
Temperature Dependant Dimensional Stability of Graphite
-Epoxy Composites", 21st National SAMPE Symposium

(1976)t
[74] Crossman, F.W., Flaggs, D.L. "Dimensional Stability of

Composite Laminatcs During Environmental Exposure*,

SAMPE Journal July/August 1979 p 15-20.
[75] Cunningham, B., Sargent, J.P., Ashbee, K.B.G. "Measure-

ment of the Stress Field Created Within the Resin
Between Fibers in a Composite Material During Cooling
From the Cure Temperature", Journal of Materials
Science Vol 16 (1981) pp 620-626.

[76] Curtis, P.T. "A BASIC Computer Program to Calculate
Moisture Content in Resins and Fibre Reinforced Resin
Composites", RAE-TM-375, June 1981.

[77] Daniel, I.M. "Effects of Material, Geometric and Load-
ing Parameters on Behavior of Composites", 34th Annual
Tech Conf (1979) SPI.

(78] Daniel, I.M., Liber, T., Chamis, C.C. "Measurement of
Residual Strains in Boron-Epoxy and Glass-Epoxy Lamin-
ates", ASTM STP 580 (1975).

(79] Daniel, I.M., Schramm, S.W., Liber, T. "Fatigue Damage
Monitoring in Composites by Ultrasonic Mapping",
Materials Evaluation /39/ August 1981.

j V



-38-

(80] Davis, A., howes, B.V., Howes, E.A. "Weathering of
Kevlar 49", Propellants, Explosives and Rocket Motor
Establishment (1977), U.K., unpublished report.

(81] DeIasi, R., Whiteside, J.b. "Effect of Moisture on
Epoxy Resins and Composites", ASTM STP 658 (1978).

(82] DeIasi, R.J., Schulte, R.L. "Moisture Detection in
Composites Using Nuclear Reaction Analysis" Journal of
Composite Materials, Vol 13 (October 1979) p 303.

[83] Delasi, R. "Effect of Water on the Properties of a
Glass-Polyimide Laminate", Journal of Materials Science
10, (1975), 1951-1958.

[84] Delmonte, J. "Technology of Carbon and Graphite Fiber
Composites", Van Nostrand Reinhold Co. 1981 (Chapter
9 - Environmental Influences on Carbon/Graphite Fiber
Composites).

[85] Deo, R.B. "Post First-Ply Failure Fatigue Behavior of
Composites", 22nd AIAA/ASME Structures, Structural
Dynamics & Materials Conference 1981.

[861 Deteresa, S.J., Farris, R.I., Porter, R.S. "Fracture
and Interface Studies of Aramid Reinforced Polyamide

Composites: Compressive Effects and Critical Length
Measurements", Interim Technical Report Ad-A109 506/6
(1981).

(87] Dewimille, B., Thoris, J., Mailfert, R., Bunsell, A.R.
"Hydrothermal Aging of an Unidirectional Glass-Fibre
Epoxy Composite During Water Immersion", International
Conference on Composite Materials 3 (1980).

(88] Dexter, H.b., Chapman, A.J. "NASA Service Experience
with Composite Components" 12th National SAMPE
Technical Conference (1980).

(89] DiCarlo, J.A. "Time-Temperature-Stress Dependance of
Boron Fiber Deformation", ASTM STP 617 (1977).

[90] Dijus, J.A.A.M. "Fatigue Test Results of Carbon Fibre
Reinforced Plastic F28 Aircraft Component and its
Structural Details", AGARD-CP-288 (1980).

(91] Dobyns, A.L., Porter, T.R. "A Study of the Structural
Integrity of Graphite Composite Structure Subjected to
Low Velocity Impact", Polymer Engineering and Science,
Mid-June 1981 Vol 21 No 8.

[92] Docks, E.L., Buck, D.E. "Effect of Thermal Cycling on
FRP Materials", 34th Annual Tech Conf (1979) SPI.

[93] Dorey, G. "Damage Tolerance in Advanced Composit
Materials", RAE Technical Report 77172 (November 1977).

[94] Douglass, D.A., Weitsman, Y. "Stresses Due to Environ-
mental Conditioning of Cross-Ply Graphite/Epoxy
Laminates", International Conference on Composite
Materials 3 (1980).

[95] Dynes, P.J., Kaelble, D.Ho "Physiochemical Analysis of
Graphite-Epoxy Composite Systems" ASTM STP 674 (1979).

(96] Eckstein, B.H. "Moisture Absorption by Epoxy Laminating
Resins", UCC Paper Parma, Ohio (1977).

[97] Edge, E.C. "The Implications of Laboratory Accelerated
Conditioning of Carbon Fiber Composites" AGARD-CP-288
(1980).



-39-

(98] Edge, E.C. "Effect on Moisture Absorption Experiments,
of Failure to Dry Specimens Prior to Exposure", April
1980, Composites.

(99] Ekvall, J.C., Griffin, C.F. "Design Allowables for
T300/5208 Graphite/Epoxy Composite Materials", 22nd
AIAA/ASME Structures, Structural Dynamics & Materials
Conference 1981.

(100] Farley, G.L., lierakovich, C.T. "Influence of Two-
Dimensional Hygrothermal Gradients on Interlaminar
Stresses Near Free Edges", ASTM STP 658 (1978).

[101]) Flaggs, D.L., Crossman, F.W. "Analysis of the Visco-
elastic Response of Composite Laminates During Hygro-
thermal Exposure", Jou:nal of Composite Materials,
Vol 15 (January 1981) p 21.

[102] Flaggs, D.L., Vinson, J.R. "Hygrothermal Effects on
the Buckling of Laminated Composite Plates", Fibre
Science and Technology Vol 11 (1978) pp 353-365.

(103] Garber, D.P., Morris, D.H., Everett, R.A. "Elastic
Properties and Fracture behavior of Graphite/Polyimide
Composites at Extreme Temperatures", ASTM STP 768
(1982).

[104] Garcia, R., McWithey, £.R. "Rail Shear Test Method",
Graphite/Polyimide Composites, NASA Conference Publi-
cation 2079 (1979).

[105] Garrett, R.A., bohlmann, R.E., Derby, E.A. "Analysis
and Test of Graphite/Epoxy Sandwich Panels Subjected to
Internal Pressures Resulting from Absorbed Moisture",
ASTM STP 658 (1978).

(106] Gauchel, J.V., Steg, I., Cowling, J.E. "Reducing the
Effect of Water on the Fatigue Properties of S-Glass
Epoxy Composites", ASTM STP 569 (1975).

(107] Gazit, S., Ishai, 0. "Hygroelastic Behavior of Glass-
Reinforced Plastics Exposed to Different Relative
Humidity Levels", Environmental Degradation of Engin-
eering Materials, NSF 1977 pp 383-392.

[108] Gerharz, J.J., Schutz, D. "Fatigue Strength of CFRP
Under Combined Flight-by-Flight Loading and Flight-by-
Flight Temperature Changes", AGARD-CP-288 (1980).

[109] Gerharz, J.J., Schutz, D. "Literature Research on the
Mechanical Properties of Fibre Composite Materials -
Analysis of the State of the Art", RAE - Trans 2045

(1980).
[110] Glbbins, M.N., Hoffman, D.J. "Environmental Exposure

Effects on Composite Materials for Commercial Aircraft"
NASA-CR-3502 (1982).

(111] Gillat, 0., Broutman, L.J. "Effect of an External
Stress on Moisture Diffusion and Degradation in a Gra-
phite-Reinforced Epoxy Laminate", ASTM STP 658 (1978).

[112] Givler, R.C., Gillespie, J.W., Pipes, R.B. "Environ-
mental Exposure of Carbon/Epoxy Composite Material
Systems", ASTM STP 768 (1982).

[113] Gourdin, C. "Kevlar and Kevlar Reinforced Composites
Materials Aging Under Various Environments", Inter-
national Conference on Composite Materials 3 (1980).

- --- -. . _ _ _.-- -.



40-

[114] Griffith, W.I., Morris, D.H., Brinson, H.F. "Acceler-
ated Characterization of Graphite/Epoxy Composites",
International Conference on Composite Materials 3
(1980).

(115] Grimes, G.C. "Experimental Study of Compression-
Compression Fatigue of Graphite/Epoxy Composites",
ASTM STP 734 (1981).

[116] Gruninger, G., Kochendorfer, R. "Fiber Reinforced
Materials for Application in the Cold Part of Turbine
Engines", AGARD-CP-112 (1972).

[117] Gurtin, M.E., Yatomi Chikayoshi "On a Model for Two
Phase Diffusion in Composite Materials", Journal of
Composite Materials, Vol 13 (April 1979) p 126.

[118] Hahn, H.T., Kim, R.Y. "Swelling of Composite Laminates"
ASTM STP 658 (1978).

[119] Hahn, H.T. "Residual Stresses in Polymer Matrix Com-
posite Laminates", Journal of Composite Materials,
Vol 10 (October 1976) p 266.

[120] Hahn, H.T., Chiao, T.T. "Long-Term Behavior of Compo-
site Materials", International Conference on Composite
Materials 3 (1980).

[121] halloff, E. "The Effect of Absorbed Moisture on Carbon-
Fibre-Epoxy Composites", 25th National SAMPE
Symposium (1980).

(1221 Hancox, N.L. "The Influence of Voids on the Hydro-

thermal Response of Carbon Fibre Reinforced Plastics",
Journal of Materials Science 16 (1981) p 627.

(123] Hancox, N.L. "Fibre Composite Hybrid Materials",
Applied Science Publication, London 1981.

[124] Harper, B.D., Weitsman, Y. "Residual Thermal Stresses
in an Unsymmetrical Cross-Ply Graphite/Epoxy Laminate",
22nd AIAA/ASME Structures, Structural Dynamics &
Materials Conference 1981.

(125] Haskins, J.F. "Recent Work on Techniques and
Applications of Moisture Barriers to Graphite/Epoxy
Composites", Advanced Composites Design and Applica-

tions - 29th Meeting of the Mechanical ailure
Prevention Group 1979. NBS Spec. Publ. 563.

[126] Haskins, J.F., Wilkins, D.J., Stein,B.A. "Flight
Simulation Testing Equipment for Corposite Material
Systems", ASTM STP 602 (1976).

[127] Haskins, J.F., Kerr, J.R., Stein, B.A. "Flight Simula-
tion Testing of Advanced Composites for Supersonic
Cruise Aircraft Applications", 18th AIAA/ASME Struc-
tures, Structural Dynamics & Materials Conference, 1977

[12P] Hedrick, I.C., Whiteside, J.E. "Effects of Environrrcnt
on A(vanced Composite ."tructures", I~th AIA\A/AML S
Structures, Structural Eyrnamics & Paterials Conference
19717 (P aier no. 77-463).

[129] Herakovich, C.T. "On the Relationship Between Engin-
eering Properties and Delamination of Composite
Materials", Journal of Composite Materials, Vol 15
(July 1981) p 336.

[130] Hertz, J. oisture Effects on Spacecraft Structures",
24th National SAMPE Symposium (1979).

a... ,.,............ .-- . *'*. i y . :.. .., + .. -*-- 
,.-; '. I



-41.

[131] Hofer, K.E., Bennett, L.C., Stander, M. "Effects of
Moisture and Fatigue on the Residual Mechanical Proper-
ties of S-Glass/Graphite/Epoxy Hybrid Composites" ,
ASTM STP 636 (1977).

[132] Hofer, K.E., Porte, R. "Influence of Moisture on the
Impact Behavior of Hybrid Glass/Graphite/Epoxy Compo-
sites", Journal of Elastomers & Plastics, Vol 10 (1978)
July p 271.

[133] Hofer, K.E., Stander, M., Rao, P.N. "A Comparison of
the Elevated Temperature Strength Loss in High Tensile
Strength Graphite/Epoxy Composite Laminates Due to
Ambient and Accelerated Aging", Journal of Testing and
Evaluation, Vol 3 No 6 November 1975 pp 423-426.

(134] Hogg, P.J., Hull, D., Legg, M.J. "Failure of GRP in
Corrosive Environments", International Conference
on Composite Structures (1981).

[135] Hsu, A.C.T., Jemian, W.A., Wilcox, R.C. "Solvent
Effect of Water on S-Glass", Journal of Materials
Science Vol 11, (1976), 2099-2104.

(136] Humphrey, W.D., Liu, S.H., Plass, N.C., Timm, D.C.
"Effects of Moisture Degradation: Molecular Structure
of Composite Resin Systems", 13th National SAMPE
Technical Conference (1981).

[137] Ishai, 0, Arnon, U. "'Instantaneous' Effect of Internal
Moisture Conditions on Strength of Glass-Fiber-
Reinforced Plastics", ASTM STP 658 (1978).

(138] Ishai, 0., Bar-Cohen, Y. "Hygrothermal Degradation of
GFRP Laminates as Manifested in the Dispersion of
Ultrasonic Data", lth National SAMPE Technical
Conference (1979).

[139] Ishai, 0., Bar-Cohen, Y. "Dispersion of Ultrajonic Data
as a Measure of Hygrothermal Effects on Fibre-Reinfor-
ced Plastic Laminates", Composites, (October 1980).

[140] Ishai, 0. "Environmental Effects on Deformation,
Strength, and Degradation of Unidirectional Glass-Fiber
Reinforced Plastics. Part I Survey", Polymer Engin-
eering and Science, July 1975 Vol 15 No 7 p 486-490
(see Part II (268]).

(141] Ishai, 0. "Environmental Effects on Deformation,
Strength, and Degradation of Unidirectioanl Glass-Fiber
Reinforced Plastics. Part II Experimental Study",
Polymer Engineering Science, July 1975 Vol 15 No 7
p 491-499 (see Part I [261]).

(142] Ishida, H., Koenig, J.L. "The Reinforcement Mechanism
of Fiber-Glass Reinforced Plastics Under Wet Condi-
tions: A Review", Polymer Engineering Science 1978,
Vol 18, No 2, pp 128-145.

[143] Jackson, A.C. "Durability and Consistency of Composite
Components", 21st AIAA/ASME Structures, Structural
Dynamics & Materials Conference 1980.

[144] Jain, R.K., Asthana, K.K. "Effect of Natural Weather-
ing on the Creep Behaviour of GRP Laminates in Tropical
Climates", International Conference on Composite
Materials 3 (1980).

I .... , , ... .. ,+ ..... .., ._ :LI -I.... .....



-42.

(145] Jeans# L.L., Deo, R., Grimes, G.C., Whitehead, R.S.
"Durability Certification of Fighter Aircraft Primary
Composite Structure", Paper for presentation at llth
ICAF Symposium, Amsterdam (May 1981), Northrop Corp.
Aircraft Division.

(146] Jeans, L.L., Grimes, G.C., Kan, H.P. "Fatigue Sensiti-
vity of Composite Structure for Fighter Aircraft", 22nd
AIAA/ASME Structures, Structural Dynamics & Materials
Conference 1981.

(147] Judd, N.C.W., Thomas, D.K. "The Effects of Outdoor
Exposure on Non-Metallic Materials", (August 1974),
RAE Technical Memo Mater. - 190.

[148] Judd, N.C.W. "The Water Reiistance of Carbon Fibre
Reinforced Plastics", RAE (1979). TR-78051, (BR64631).

(149] Judd, N.C.W. "The Effecc of Water on Carbon Fibre Com-
posites", 30th Annual Technical Conference (1975) SPI
18-A.

[150] Kabelka, J. "Thermal Expansion of Composites with
Canvas-Type Reinforcement and Polymer Matrix", Inter-
national Conference on Composite Materials 3 (1980).

[151] Kadotani, K. "Electrical Properties of the Glass/Epoxy
Interface", Composites, October 1980 p 199-204.

(152] Kaelble, D.H., Dynes, P.J. "Moisture Diffusion Analysis
for Composite Microdamage", 24th National SAMPE
Symposium (1979).

[153] Kaelble, D.H., Dynes, P.J. "Nondestructive Tests for
Shear Strength Degradation of a Graphite-Epoxy
Composite", ASTM STP 617 (1977).

[154] Kaelble, D.H., Dynes, P.J., Crane. L.W., Maus, L.
"Kinetics of Environmental Degradation in Graphite-
Epoxy Laminates", ASTM STP 580 (1975).

(155] Kaelble, D.H., Dynes, P.J. "Methods for Detecting
Moisture Degradation in Graphite-Epoxy Composites",
Materials Evaluation April 1977 p 103-108.

[156] Kaelble, D.H., Dynes, P.J., Maus., L. "Hydrothermal
Aging c Composite Materials, Part 1: Interfacial
Aspects", Journal of Adhesion, 1976, Vol 8, pp 121-144.

[157] Kaelble, D.H. "Theory and Analysis of Fracture Energy
in Fiber-Reinforced Composites", Journal of Adhesion,
1973, Vol 5, p 245-264.

[158] Kaelble, D.H., Dynes, P.J., Cirlin, E.H. "Interfacial
Bending and Environmental Stability of Polymer Matrix
Composites", Journal of Adhesion, 1974, Vol 6, p 23-48.

(159] Kaelble, D.H., Dynes, P.J., Crane, L.W., Maus, L.
"Interfacial Mechanisms of Moisture Degradation in
Graphite- 'vox.  mposites", Journal of Adhesion, 1974,
Vol p 2

[160] Kaelble, D.H., Dynes, P.J., "Hydrothermal Aging of
Composite Materials", Part 2 - Matrix Aspects. Journal
of Adhesion, 1977 Vol 8 pp 195-212. (Part I - [222])

[161] Kan, H.P., Ratwoni, M.M. "Compression Fatigue Behavior
of Fiber Compt es", SAMPE Quarterly, July 1980.

[162] Kasen, M.B., F:.-.amm, R.E., Read, D.T. "Fatigue of
Composites at Cryogenic Temperatures", ASTM STP 636

L (1977).
(163] Kasen, M.B. "Properties of Filamentary-Reinforced Com-

posites at Cryogenic Temperatures"# ASTM STP 580 (1975)



~-43-

[164] Keenan, J.D., Sefens, J.C., Quinlivan, J.T. "Effects
of Moisture and Stoichiometry on Dynamic Mechanical
Properties of Carbon Reinforced Composites", ACS
Reprints, Organic Coatings and Plastics Chemistry
Vol 40 p 700 (1979).

] Il2 ,.-., :utc. a, I . "Viscosity ar( C1.ss 'icrij r-
Eturt- htl]ationE for Iol~yre-liluent ystcr:b", Jot rna]
oI. oly .er ci IncL, 'Vol E , tc-E:f6, (-l).

[166] Kerr, J.R., Haskins, J.F., Stein, B.A. "Program
Definition and Preliminary Results of a Long-Term
Evaluation Program of Advanced Composites for Super-
sonic Cruise Airrraft Applications*, ASTM STP 602
(1976).

[167] Kibler, K.G., Carter, H.G. "Viscoelastic Parameters of
Epoxy Resin from Thermomechanical and Electrical Con-
ductivity Measurements", ASTM STP 674 (1979).

(168] Kibler, K.G. "Effects of Temperature and Mo)isture on
the Creep Compliance of Graphite/Epoxy Compositesm,

AGARD-CP-288 (1980).
[169] Kibler, K.G. "Time-Depen"'nt Environmental behaviour

of Epoxy Composites", Proceedings of Annual Mechanics
of Composites Review (5th) January 1980 AFWAL-TR-
80-4020.

(170] Kim, R.H., Broutman, L.J. "Effects of Moisture and
Stress on the Degradation of Graphite Fibre Reinforced
Epoxies", - Deformation, Yield and Fracture of Polymers
- 4th International Conference (April 1979).

[171] Kim, R.Y., Whitney, J.M. "Effect of Temperature and
Moisture on Pin Bearing Strength of Composite Lamin-
ates", Journal of Composite Materials Vol 10 (1976)
p 149.

[172] Koenig, J.L. "Improved Moisture Resistance of Fiber
Reinforced Plastic", AD-A109 190/9 December 1981.

(173] Kong, S.I. "Bolt Bearing Strengths of Graphite/Epoxy
Laminates", 22nd AIAA/ASME Structures, Structural
Dynamics & Materials Conference 1981.

(174] Kong, E.S., Lee, S.M., Nelson, H.G. "Physical Aging in
Graphite/Epoxy Composites", Polymer Composites, January
1982 Vol 3 No 1.

(175] Kong, E.S.W. "Long Term Influence of Physical Aging
Processes in Epoxy Matrix Composites*, NASA-CR-166329
February (1981).

(176] Konlshi, D.Y., Johnson, W.R. "Fatigue Effects on De-
laminations and Strength Degradation in Graphite/Epoxy
Laminates", ASTM STP 674 (1979).

(177] Konishi, D.Y., Lo, K.H. "Flow Criticality of Graphite/
Epoxy Strucutresg, ASTM STP 696 (1979).

[178] Kourtides, D.A. "Graphite Composites with Advanced
Resin Matrices", 21st AIAA/ASME Structures, Structural
Dynamics & Materials Conference 1980.

[179] Krelner, J.H., Almon, M. "A Study of Environmental
Effects on Aerospace Grade Composites", Advanced
Composites Conference 1978.

[180] Kriz, R.D. "Absorbed Moisture and Stress-Wave Propa-
gation in Graphite/Epoxy", Composites Technology Review
(Winter 1981).

OWN""l =



-44-

(181] Kunz, S.C. "Thermomechanical Characterization of
Graphite/Polyimide Composites", ASTM STP 768 (1982).

(1821 Labor@ J.D., Verette, R.M. "Environmentally Controlled
Fatigue Tests ot Box Beams with Built-in Flaws", 18th
AIAA/ASME Structures, Structural Dynamics & Materials
Conference, 1977.

(1831 Labor, J.D., Kiger, R.W., Scow, A.L., tvyhre, S.H.,
Hall, A. "Repair Guide for Large Area Composite Struc-
ture Repair", AFFDL-TR-79-3039 (1979).

(184] Labor, J.D., Myhre, S.H. "Large Area Composite Struc-
ture Repair"r AFEDL-TR-79-3040.

(185] Lamothe, R.M., Halpin, B.M., Neal, D. "Design Allowable
Determination on a Fully Characterized Composite
Material", 22nd AIAA/ASME Structures, Structural
Dynamics & Materials Conference 1981.

(186] Lauraitis, K.N., Sandorff, P.E. "Experimental Invest-
igation of the Interaction of Moisture, Low Temperature
and Low Level Impact on Graphite/Epoxy Composites",
Lockheed - Calif. Co., Burbank (Oct 1980) Report

(Final) for Naval Air Development Center, Warminster,
Penn, Contract No N62269-79-C-0276, Rept. LR-29655.

(187] Lauraitis, K.N., Sandorff, P.E. "The Effect of Envir-
onment on the Compressive Strengths of Laminated Epoxy
Matrix Composites, AF chL-TR-79-4179 (1979).
a188 t Lee, b.L., Lewis, R.t., SachetR, R.E. "Environmental
Effects on the Mechanical Properties of Glass Fiber/
Epoxy Resin Composites", International Conference
on Composite Materials 2 (1978).

[189] Lee, B.L., Lewis, R.W., Sacher, R.E. "Environmentil
Effects orn the Mechanical Properties of Glass Fiber/
Epoxy Resin Composites", - AMMRC-TR-78-18 (June 1978).

[190] Leung, C.L., Kaelble, D.H. "Moisture Diffusion Analysis
for Ccmposite Microdamage", Advanced Composites,
Design and Applications - Proceedings of 29th Meeting
of the Mechanical Failure Prevention Group 1979.
NBS Spec. Publ. 563.

(191] Leung, C.L., Dynes, P.J., Kaelble, D.H. "Moisture
Diffusion Analysis of Microstructure Degradation in
Graphite/Epoxy Composites", ASTM SIP 696 (1979).

[192] Leung, C.L. "Space Environmental Effects on Graphite/
Epoxy Composites", ASTM STP 768 (1982).

(193] Lifshitz, "Strain Rate, Temperature, and Humidity
Influences on Strength and Moduli of a Graphite/Epoxy
Composite", Composites Technical Review Vol 4 No 1
(1982) pp 14-19.

(194] Lisagor, W.B. "Mechanical Properties Degradation of
Graphite/Polyimide Composites After Exposure to Mois-
ture or Shuttle Orbiter Fluids", Graphite/Polyimide
Composites, NASA Conference Publication 2079 (1979).

[195] Long, E.R. "Moisture Diffusion Parameter Characteris-
tics for Epoxy Composites and Neat Resins", NASA
Technical Paper 1474 (1979).

[196] Loos, A.C., Springer, G.S. "Moisture Absorption of
Graphite-Epoxy Composites Immersed in Liquids and in
Humid Air*, Journal of Composite Materials, Vol 13
(April 1979) p 131.

- .. .- ' . , .. ..



-45-

[197] Loos, A.C., Springer, G.S., Sanders, b.A., Tung, R.W.
"Moisture Absorption of Polyester-E Glass Composites",
Journal of Composite Materials, Vol 14 (April 1980)
p 142.

[198] Loos, A.C., Springer, G.S. "Effects of Thermal Spiking
on Graphite-Epoxy Composites", Journal of Composite
Materials, Vol 13 (january 1979), p 17.

(199] Lubin, G., Donohue, P. "Real Life Aging Properties of
Composites", 35th Annual Tech Conf 1980 SPI.

[200] Lundemo, C.Y., Thor, S.E. "Influence of Environmental
Cycling on the Mechanical Properties of Composite
Materials", Journal of Composite Materials, Vol 11
(July 1977), p 276.

[201] Lundemo, C.Y. "Influence of Environmental Cycling on
the Mechanical Properties of Composite Materials",
Technical Note FFA HU-1853 - The Aeronautical Research
Institute of Sweden (1977).

(202] Lyons, K.b., Phillips, M.G. "Creep-Rupture and Damage
Mechanisms in Glass-Reinforced Plastics", Composites,
(October 1981).

[203] Macander, A., Silvergleit, M. "Effect of Marine Envir-
onment on Stressed and Unstressed Graphite/Epoxy
Composites", Naval Engineering Journal Vol 89 No 4
(1977) pp 65-72.

[204] Malter, V.L., bolshakova, N.V., Andreev, A.V. "Method
and Certain Results of a Semiempirical Description of
the beat Conductivity of Composite Materials", Journal
of Engineering Physics, Vol 39 No 6 pp 1336-1342
(1980).

(205] Mandell, J.F. "Origin of Moisture Effects on Crack
Propagation in Composites", Polymer Engineering and
Science, April 1979, Vol 19, No 5, p 353-358.

(206] Marom, G., Cohn, D. "Angular Dependance of hygro-
elasticity in Unidirectional Glass-Epoxy Composites",
Journal of Materials Science Vol 15 (1980) 631-634.

(207] Marom, G., Broutman, L.J. "Moisture in Epoxy Resin
Composites", Journal of Adhesion 1981 Vol 12 pp 153-164

[2081 Maymon, G., Briley, R.P., Renfield, L.W. "Influence of

Moisture Absorption and Elevated Temperature on the
Dynamic Behavior of Resin Matrix Composites: Prelimin-
ary Results", ASTM STP 658 (1978).

(209] Mazzio, V.F., Mehan, R.L. "Effects of Thermal Cycling
on the Properties of Graphite-Epoxy Composites", ASTM
STP 617 (1977).

(210] McElroy, P., Allred, R., Roylance, D. "Effect of Weath-
ering on the Mechanical Properties of Sheet Molding
Compounds", 13th National SAMPE Technical Conference
(1981).

(211] McKague, L. "The Thermal Spike Effect in "Wet" Com-
posites', - Environmental Degradation of Engineering
Materials NSF 1977 pp 353-362.

(212] McKague, L. "V378A Polyimide Resin - A New Composite
Matrix for the 1980's", ASTM STP 768 (1982).

(213] McKague, E.L., Halkias, J.E., Reynolds, J.D. "Moisture
in Composites: The Effect of Supersonic Service on
Diffusion', Journal of Composite Materials, Vol 9

(January 1975) p 2.



-46-

(214] McKague, L. "Environmental Synergism and Simulation in
Resin Matrix Composites", ASTM STP 658 (1978).

[2153 Meares, P., "Polymers: Structure and Bulk Properties",
Van Nostrand, (1965).

[216] Menges, G., Gitschner H.-W. "Sorption Behaviour of
Glass-Fibre Reinforced Composites and the Influence of
Diffusing Media on Deformation and Failure behaviour",
International Conference on Composite Materials 3
(1980).

[2171 Miller, A.G.. Wingert, A.L. "Fracture Surface Charac-
terization of Commercial Graphite/Epoxy Systems", ASTM
STP 696 (1979).

(2183 hiller, A.K., Adams, D.F. "Inelastic Micromechanical
Analysis of Graphite/Epoxy Composites Subjected to
Hygrothermal Cycling", ASTM STP 658 (1978).

(2193 Molcho, A., Ishai, 0. "Thermal Cracking of CFRP Lamin-
ates", 10th National SAMPE Technical Conference (1976).

(220] Morgan, R.J., Mones, E.T. "The Effect of Thermal
Environment and Sorbed Moisture on the Durability of
Epoxies", llth National SAMPE Technical Conference
(1979).

[221] Morgan, R.J., O'Neal, J.E., Fanter, D.L. "The Effect
Of Moisture on the Physical and Mechanical Integrity of
Epoxies", Journal of Materials Science 15 (1980) p 751.

(222] Morley, J.M. "Role of the Matrix in the Preparation
and the Properties of Carbon Fiber Composites", ACS
Reprints, Organic Coatings and Plastics Chemistry
Vol 38 p 666 (1978).

(223] Morris, E.E. "Filament Wound Composite Thermal
Isolator Structures for Cryogenic Dewars and Instru-
ments", ASTM STP 768 (1982).

(224] Murrin, L.I., Erbacher, H. "Composite Center Fuselage
- Phase I", 35th Annual Tech Conf 1980, SPI.

(225] Myhre, S.H., Labor, J.D. "Repair of Advanced Composite
Structures", Journal of Aircraft, Vol 16, No 7 (1981).

[226] Nicholas, J., Ashbee, K.H.G. "Further Destruction of
Composite Materials by the Freezing or Boiling of

Phase-Separated Water", Joi.rnal of Physics D: Applied
Physics, Vol 11, 1978 pp 1015-1017.

(227] Nicolais, L., Apicella, A., Prioli, E. "Effect of
Applied Stress, Thermal Environment and Water in Epoxy
Resins", AFOSR-TR-82-0215 December 1980.

(228] Pagano, N.J., Hahn, H.T. "Evaluation of Composite
Curing Stresses", ASTM STP 617 (1977).

(229] Parker, S.F.H., Chandra, M., Yates, B., Dootson, M.,
Walters, B.J. "The Influence of Distribution Between
Fibre Orientations Upon the Thermal Expansion Charac-
teristics of Carbon Fibre-Reinforced Plastics", Com-
posites, (October 1981).

[230] Parmley, P.A., Konishi, D.Y., Hofer, K.E. "On the
Accelerated Testing of Graphite/Epoxy Coupons", Inter-
national Conference on Composite Materials 2 (1978).

(231] Pater, R.H. "Novel Improved PMR Polyimides", SAMPE
Journal Nov/Dec 1981.

[232] Phelps, H.R., Long, E.R. "Property Changes of a
Graphite/Epoxy Composite Exposed to Nonionizing Space
Parameters", Journal of Composite Materials, Vol 14
(Cctober 1980), p 334.



-47-

(2333 Philips, D.C., Scott, J.M., buckley, N. "The Effects
of Moisture on the Shear Fatigue of Fiber Composites",
International Conference on Composite Materials 2
(1978).

[234] Pipes, R.b., Vinson, J.k., Tsu-Wei Chou "On the hygro-
thermal Response of Laminated Composite Systems",
Journal of Composite Materials, Vol 10 (April 1976)
p 129.

[235] Porter, T.R. "Environmental Effects on Composite
Fracture behaviour"# ASTM STP 734 (1981).

[236] Porter, T.R. "Environmental Effects on Defect Growth
in Composite Materials", NASA-CR-165213 January 1981.

[237] Pride, A. Richard, "Environmental Effects on Composites
for Aircraft", NASA-TM-78716 (1978).

[238] Rao, R.M.V.G.K., Swaminadham, M., Rajanna, K. "Effect
of Moisture and Glass Contents on the Poisson's Ratio
of FRP Plates as Determined by Laser Interferometry",
Fibre Science and Technology Vol 15 (1951) pp 235-242.

(239] Rao, R.M.V.G.K., Balasubramanian, N., Chanda, M.
"Moisture Absorption Phenomenon in Permeable Fiber
Polymer Composites", Journal of Applied Polymer Science
Vol 26 4069-4079 (1981).

[240] Renfield, L.W., Briley, R.P., Putter, S. "Dynamic
Tests of Graphite/Epoxy Composites in Hygrothermal
Environments*, ASTM STP 768 (1982).

[241] Renieri, G.D., Coyle, J.M., Derby, E.A., bohlmann, R.E.
"Moisture Absorption Effects on the Strength of Compos-
ite Laminates", Environmental Degradation of Engineer-
ing Materials, NSF 1977 pp 363-372.

[242] Rogers, K.E., Kingston-Lee, D.M., Phillips, L.N.,
Yates, B., Chandra, M., Parker, S.F.H. "The Thermal
Expansion of Carbon-Fibre Reinforced Plastics",
Journal of Materials Science 16 (1981) p 2803 (Part 6).

(243] Rogers, K.F., Phillips, L.N et al "The Thermal Expan-
sion of Carbon Fibre-Reinforced Plastics", Part 1,
Journal of Materials Science, 12, (1977), 718-734.

[244] Rosen, B.W., Nagarkar, A.P., Hashin, Z. "Thermomechan-
ical Response of GR/Pi Composites", NASA-CR-165753
(1981).

[245] Rotem, A., Nelson, H.G. "Fatigue Behavior of Graphite-
Epoxy Laminates of Elevated Temperatures", ASTM STP
723 (1981).

[246] Rotem, A. "Fatigue Mechanism of Multidirectional
Laminate Under Ambient and Elevated Temperature", In-
ternational Conference on Composite Materials 3 (1980).

(247] Roylance, D., Roylance, M. "Influence of Outdoor
Weathering on Dynamic Mechanical Properties of Glass/
Epoxy Laminate", ASTM STP 602 (1976).

(248] Roylance, D., Roylance, M. "Degradation of Fiber-
Reinforced Epoxy Composites by Outdoor Weathering",
Environmental Degradation of Engineering Materials, NSFIi 1977, pp 393-402.

(249] Rubben, A., Domke, H. "A Method of Calculating Fatigue
and Fracture of Glass Fiber Reinforced Materials Under
Load and Temperature", International Conference on
Composite Materials 3 (1980).

-i _ _ _ _.. ...__ _ _. .. ..... ... .... ..
-~



-48-

1250] Rummler, D.R., Clark, R.K. "Mechanical and Thermo-
physical Properties of Graphite/Polyimide Composite
Materials", Graphite/Polyimide Composites, NASA
Conference Publication 2079 (1979).

[2513 Ryder, J.T., Walker, E.K. "The Effect of Compressive
Loading on the Iatigue Lifetime of Graphite/Epoxy
Laminates", AFML-TR-79-4128 October 1979.

(252) Sandorff, P.E., Tajima, Y.A. "A Practical Method for
Determining ,oisture Distribution, Solubility and
Diffusivity in Composite Laminates", SAMPE Quarterly
(January 1979).

[253] Schramm, S.W., Daniel, I.M., Hamilton, W.G. "Non-
destrucive Characterization of Flow Growth in Graphite/
Epoxy Composites", 35th Annual Tech Conf 1980 SPI.

[254] Scola, D.A. "The Effects of Moisture on S-Glass/Epoxy
Resin Composite Shear Strength", 31st Annual Technical
Conference (1976) SPI 14A, 1-12.

(255] Scola, D.A. "A Study to Determine the Mechanism of
S-Glass/Epoxy Resin Composite Degradation Due to Moist
and Solvent Environments", 30th Annual Technical Con-
ference (1975) SPI 22-C

(256] Scola, D.A. "Thermoxidative Stability and Moisture
Absorbtion Behavior of Glass- nd Graphite Fiber-
Reinforced PMR-Polyimide Composites", 22nd National

SAMPE Symposium (1977).
[257] Scola, D.A., Pater, R.I. "The Properties of Novel

Bisimide Amine Cured Epoxy/Celion 6000 Graphite Fiber
Composites", SAMPE Journal Jan/Feb 1982 pp 16-23.

(258] Sendeckyj, G.P., Stalnaker, H.D., Kleismit, R.A.
"Effect of Temperature on Fatigue Response of Surface-
Notched [(0/ 45/0) ] Graphite/Epoxy Laminate", ASTM
STP 636 (1977).

[259] Serafini, T.T., Hanson, M.P. "Environmental Effects on
Graphite Fiber Reinforced PMR-15 Polyimide", ASTM STP
768 (1982).

[260] Shen, C.-H., Springer, G.S. "Environmental Effects on
the Elastic Moduli of Composite Materials", Journal of
Composite Materials, Vol 11 (July 1977), p 250.

[261] Shen, C.-H., Springer, G.S. "Effects of Moisture and

Temperature on the Tensile Strength of Composite
Materials", Journal of Composite Materials, Vol 11
(January 1977), p 2.

[262) Shirrell, C.D., Halpin, J. "Moisture Absorption and
Desorption in Epoxy Composite Laminates", ASTM STP 617
(1977).

(2631 Shirrell, C.D. "Diffusion of Water Vapour in Graphite/
Epoxy Composites", ASTM STP 658 (1978).

(264] Shirrell, C.D., Leisler, W.H., Sandow, F.A. "Moisture-
Induced Surface Damage in T300/5208 Graphite/Epoxy
Laminates", ASTM STP 696 (1979).

[265) Shirrell, C.D. "Moisture Sorption and Desorption in
Epoxy Resin Matrix Composites", 23rd National SAMPE
Symposium (1978).

(266] Shuart, M.J. *Sandwich Beam Compressive Test Method",
Graphite/Polyimide Composites , NASA Conference Publi-
cation 2079, (1979).

-. - -M ffd A N S , ',--



-49-

(267] Shyprykevich P., Wolter, W. "Effect of Extreme Aircraft
Storage and Flight Environments on Graphite/Epoxy",
ASTM STP 768 (1982).

(268] Sih, G.C., Shih, M.T. "Hygrothermal Stress in a Plate
Subjected to Antisymmetric Time-Dependent Moisture and
Temperature Boundary Conditions", Journal Thermal
Stresses Vol 3 p 321-340 (198J).

[269] Sih, G.C., Ogawa, A., Chou, S C. "Two-Dimensional
Transient hYgrothermal Stresses in Bodies with Circular
Cavities: Moisture and Temperature Coupling Effects",
Journal of Thermal Stresses Vol 4, p 193-222, 1981.

[2701 Sih, G.C., Shih, M.T. "Transient hydrothermal Stresses
in Composites: Coupling of Moisture and heat with
Temperature Varying Diffusivity", AMMRC-TR-79-14,March 1979.

(271] Singh, J.J., holt, h.H., hock, W. "Moisture Determin-
ation in Composite Materials Using Positron Lifetime
lechnique", NASA lechnical Paper 1681 (1980).

[272] Springer, G.S. "Environmental Effects on Composite
Materials", echnomic, Westport, Cl, 1981.

[273] Springer, G.S. "Environmental Effects on Epoxy Matrix
Composites", ASTM STP 674 (1979).

[274] Springer, G.S. "Moisture Content of Composites Under
Transient Conditions", Journal of Composite Materials,
Vol 11, (January 1977) p 107.

[275] Sternstein, S.S., Ongchin, L., Silverman, A. "Inhomo-
geneous Deformation and Yielding of Glasslike high
Polymersw, Applied Polymer Symposia No 7 175-199 (1968)

[276] Stone, R.I. "Flight Service Evaluation of Kevlar-49
Epoxy Composite Panels in Wide-Bodied Commercial
Transport Aircraft", NASA-CR-165841 (1982).

[277] Sumsion, H.T., Williams, D.P. "Effects of Environment
on the Fatigue of Graphite-Epoxy Composites", ASTM
STP 569 (1975).

[2781 Sumsion, H.T. "Environmental Effects on Graphite-Epoxy
Fatigue Properties", Journal of Spacecraft, Vol 13,
No 3 (1976) p 150.

[279] Sun, C.T., Chim, E.S. "Fatigue Retardation Due to
Creep in a Fibrous Composite", ASTM STP 723 (1981).

(280] Susman, S.E. "Graphite Epoxy Toughness Studies", 12th
National SAMPE Technical Conference (1980).

[281] Sykes, G.F., Burks, H.D., Nelson, J.B. "The Effect of
Moisture on the Dynamic Thermomechanical Properties of
a Graphite/Epoxy Composite", 22nd National SAMPE
Symposium (1977).

(282] Tajima, Y.A. "The Diffusion of Moisture in Graphite
Fiber Reinforced Epoxy Laminates", SAMPE Quarterly,
July 1980.

[283] Tajima, Y.A., Wanamaker, J.L. "Moisture Sorption Prop-
erties of T300/5209 Epoxy-Graphite Composites", Envir-
onmental Degradaton of Engieering Materials, NSF 1977
pp 373-382.

[284] Tanimoto, E.Y. "A Study of the Effects of Longterm
Exposure to Fuels and Fluids on the Behavior of Advan-
ced Composite Materials", NASA-CR-165763 August 1981.



-50-

(285] Teghtsoonian, E., Nadeau, J.S. "Effect of Environment
on the Delayed Fracture of Fibre Reinforced Composites"
Annual Report (1981) DND Contract 085B 329012,
University of B.C.

[286] Tennyson, R.G. "Effect of Various Environmental
Conditions on Polymer Matrix Composites", AGARD-CP-288
(1980).

(287] Tennyson, R.C. "Composite Materials in a Simulated
Space Environment", 21st AIAA/ASME Structures,
Structural Dynamics & Materials Conference 1980.

[288] Ting, R.Y., Keller, T.M. et al "Properties of Cured
Diether-Linked Phthalonitrile Resins", SAMPE Quarterly,
July 1981.

[289] Tompkins, S.S., Tenney, D.H., Unnam, J. "Prediction of
Moisture Changes in Composites During Atmospheric
Exposure", AS, M STP 674 (1979).

(290] Tompkins, S.S. "Influence of Surface and Environ-
mental Thermal Properties on Moisture in Composites",
Fibre Science and Technology Vol 11 (1978) pp 189-197.

[291] Trabocco, R.E., Stander, M. "Effect of Natural Weather-
ing on the Mechanical Properties of Graphite/Epoxy
Composite Materials", ASTM STP 602 (1976).

[292] Uemura, M., Iyama, H. Yamaguchi, Y. "Thermal Residual
Stresses in Filament-Wound Carbon-Fiber-Reinforced
Composites", Journal of Thermal Stresses Vol 2
p 393-412 (1979).

[293] Unnam, J., Tenney, I.R. "Analytical Prediction of
Moisture Absorption/Desorption in Resin Matrix
Composites Exposed to Aircraft Environments", 18th
AIAA/ASNE Structures, Structural Dynamics & Materials
Conference, 1977.

(294] Vadala, E.T., Trabocco, R.E. "Effect of Exposure to
Various Natural Environments on Organic Matrix Compos-
ites", 13th National SAMPE Technical Conference (1981).

[295] Waggoner, G., Erbacher, H. "Damage Tolerance Program
for the b-1 Composite Stabilizer", 18th AIAA/ASME
Structures, Structural Dynamics & Materials Conference
1977.

[296] Waggoner, G., Erbacher, H. "Evaluation of Manufacturing
Defects Under Simulated Service Environments", 10th
National Technical Conference (1976).

(297] Walrath, D.E., Adams, D.F. "Fatigue Behaviour of
Hercules 3501-6 Epoxy Resin", Report NADC.-78139-60
University of Wyoming, Laramie (1980).

[298] Wang, A.S.D., Crossman, F.W. "Some New Results on Edge
Effect in Symmetric Composite Laminates", Journal
of Composite Materials Vol 11 (January 1977) p 92.

[299] Wang, A.S.D., Crossman, F.W. "Edge Effects on Ther-
mally Induced Stresses in Composite Laminates", Journal
of Composite Materials, Vol 11 (July 1977) p 300.

[300] Wang, A.S.D., Crossman, F.W. "Calculation of Edge
Stresses in Multi-Layer Laminates by Sub-Structuring",
Journal of Composite Materials, Vol 12 (Jan 1978) p 76.

[301] Wang, C.S., Wang, A.S.D. "Creep Behavior of Glass-Epoxy
Composite Laminates Under Hygrothermal Conditions", In-
ternational Conference on Composite Materials 3 (1980).

a '

' : ,o:, .f -, , ,: . ,,. - ... . ,. .,%.m d ,,. ,-m , - ,-.M ....-. ,



i -51.

[302] Wang, S.S., Choi, I. "Boundary-Layer Hygroscopic
Stresses in Angle-Ply Composite Laminates", 21st AIAA/
ASME Structures, Structural Dynamics & Materials
Conference 1980.

[303] Wang, A.S.D., Pipes, R.b., Ahmadi, A. "Thermoelastic
Expansion of Graphite-Epoxy Unidirectional and Angle-
Ply Composites", ASTM STP 580 (197 ).

[304] Wang, A.S.D., Liu, P.K. "humidity Effects on the Creep
Behavior of an Epoxy-Graphite Composite", Journal
of Aircraft, Vol 14, No 4, (1977).

[305] Wanhill, R.J.h. "Environmental Fatigue Crack Propaga-
tion in Metal/Composite Laminates", National Aerospace
Lab., Amsterdam, NLR MP 78027U (June 1978).

[306] Weinberger, R.A., Somoroff, A.R., Riley, b.L. "US Navy
Certification of Composite Wings for the P-18 and
Advanced Harrier Aircraft", 18th AIAA/ASME Structures,
Structural Dynamics & Materials Conference, 1977.

[307] Weitsman, Y. "A Rapidly Convergent Scheme to Compute
Moisture Profiles in Composite Materials Under
Fluctuating Ambient Conditions" Journal of Composite
Materials, Vol 15 (1981) p 349.

[308] Weitsman, Y. "Hygrothermal Viscoelastic Analysis of a
Resin-Slab Under Time-Varying Moisture and Temperature"
18th AIAA/ASME Structures, Structural Dynamics &
Materials Conference, 1977.

[309] Weitsman, Y. "Diffusion with Time-Varying Diffusivity,
with Application to Moisture-Sorption in Composites",
Journal of Composite Materials Vol 10 (1976) p 193.

[310] Welhart, E.K. "Environmental Effects on Selected Resin
Matrix Materials", NASA-CR-150938 (March 1976).

[311] Whitney, J.M., Browning, C.L. "Some Anomalies Associ-
ated with Moisture Diffusion in Epoxy Matrix Composite
Materials", ASTM STP 652 (1978).

[312] Whitney, J.M. "Three Dimensional Moisture Diffusion in
Laminated Composites", 18th AIAA/ASME Structures,
Structural Dynamics & Materials Conference, 1977.

[313] Whitney, J.M. "Moisture Diffusion in Fiber Reinforced
Composites", International Conference on Composite
Materials 2, (1978).

[314] Whitney, J.M., Husman, G.E. "Use of the Flexure Test
for Determining Environmental Behaviour of Fibrous
Composites", Experimental Mechanics, Vol 18 (1978)
No 5 p 185-190.

[315] Whitney, J.M., Kim, R.Y. "High Temperature Tensile
Strength of Graphite/Epoxy Laminates Containing Circu-
lar Holes", Journal of Composite Materials Vol 10
October 1976 p 319-324.

[316] Wilkins, D.J. "Environmental Sensitivity Tests of
Graphite-Epoxy Bolt Bearing Properties", ASTM STP 617
(1977).

(317] Wilkins, D.J., Wolff, R.V., Shinozuka, M., Cox, E.F.
"Realism in Fatigue Testing: The Effect of Flight-by-
Flight Thermal and Random Load Histories on Composite
Bonded Joints", ASTM STP 569 (1915).

[318] Wolff, R.V. "Effects of Moisture Upon Mean Strength of
Composite-to-Metal Adhesively Bonded Joint Elements",
22nd National SAMPE Symposium (1977).

I~~~ ~ ~ L .4_______ __



Lrl. ..........

-52-

(319] Wollner, B. "Temperature/humidity Criteria for Advanced
Composite Structures", 10th National SAMPE Technical
Conference (1978).

[320] Wright, W.W. "The Effect of Diffusion of Water Into
Epoxy Resins and Their Carbon Fiber Reinforced
Composites", July 1981, Composites.

[321] Wright, W.W. "A Review of the Influence of Absorbed
Moisture on the Properties of Composite Materials Based
on Epoxy Resins", RAE Tech Memo Mat 324 (December 1979)

(322) Wu, E.M. "Strength Degradation of Aramid-Fiber/Epoxy
Composites", AMMRC-TR-80-19 April 1980.

[323] Yamini, S., Young, R.J. "The Mechanical Properties of
Epoxy Resins", (Part 1 & 2) Journal of Materials
Science, 15 (1980) 1814-1831.

(324] Yates, B., Overy, M.J. et al "The Thermal Expansion
of Carbon Fibre-Reinforced Plastics", Part 2, Journal
of Materials Science, 13, (1978), 433-440.

(325] Yates, B., McCalla, A. et al "The Thermal Expansion
of Carbon iibre-Reinforced Plastics", Part 3, Journal
of Materials Science, 13, (1978), 2217-2225.

[326] Yates, B., McCalla, A. et al "The Thermal Expansion
of Carbon Fibre-Reinforced Plastics", Part 4, Journal
of Materials Science, 13, (1978), 2226-2232.

[327] Yates, B., McCalla, A. et al "The Thermal Expansion
of Carbon Fibre-Reinforced Plastics", Part 5, Journal
of Materials Science, 14, (1979), 1207-1217.

[328] Yeow, Y.T., Morris, D.H., Brinson, H.F. "Time-Tempera-
ture behavior of a Unidirectional Graphite/Epoxy
Composite", ASTM STP 674 (1979).

IJ

- -



REPORT DOCUMENTATION PAGE I PAGE DE DOCUMENTATION DE RAPPORT

REPORTIRAPPORT REPORT/RAPPORT

NAE-AN-11 NRC No. 21299

la lb

REPORT SECURITY CLASSIFICATION DISTRIBUTION (LIMITATIONS)
CLASSIFICATION DE SECURIT I DE RAPPORT

Unclassified Unlimited

TITLE/SU.BTITLE/TITR E/SOUS-TITR E

Hygrothermal Effects in Continuous Fibre Reinforced Composites
Part III: Mechanical Properties 1 - Static Tests

4

AUTHOR(S) /AUTEUR(S)

J.P. Komorowski
I5
SERIESISERIE

Aeronautical Note
[6

CORPORATE AUTHOR/PERFORMING AGENCY/AUTEUR D'ENTREPRISE/AGENCE OD'XiCUTION

National Research Council Canada
National Aeronautical Establishment Structures and Materials Laboratory

SPONSORING AGENCY/AGENCE DE SUBVENTION

8

DATE FILE/DOSSIER LAB. ORDER PAGES FIGS/DIAGRAMMES
83-09 COMMANDE DU LAB. 58 19

9 10 11 12a 12b

NOTES

13

DESCRIPTORS (KEY WORDS)/MOTS-CLES

1. Fibre reinforced plastics

14

SUMMAIY/SOMMAIRE

This is Part III of a series of literature reviews on hygrothermal effects on polymer matrix
composite materials. It contains a review of papers on mechanical properties as measured in static tests
and includes the effect of impact damage interaction with environmental conditions.

The other parts of the review are:

Part I: Moisture and Thermal Diffusion
Part II: Physical Properties
Part IV: Mechanical Properties 2
Part V: Composite Structure3 and Joints
Part VI: Numerical and Analytical Solutions
Part VII: Summary of Conclusions and Recommendations

A compltew list of references is included in the Appendix and the numbers in the brackets
appearing in the text refer to this list.

16is________________________________


